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Chrysoti1e asbestos fibers enter Cal ifornia waters fran physical 
weathering of magnesium-silicate, serpentine rocks in mountains of the 
northern and central portions of the state. Chrysoti1e particles. 
initially positively charged below pH 8.9 because of their 
magnesium-hydroxide surface. becane negatively charged due to 
di ssol uti on and adsorption of organic matter. Magnesi urn re1 ease fran 
chrysotile dissolving in 0.1 M inorganic electrolyte at pH 7-10 for up 
to five days is in excess of the 3:2 Mg:Si to silica molar ratio in 
the sol id. The magnesi urn re1 ease rate exhi bits a fracti onal 
dependence on hyd rogen-i on concentrati on: 
r = k11 [H+]0.24 
The observed rate constant. k11, depends on dissolution mechanism, 
specific surface area of the solid and charge-potential relation at 
the surface. In terms of a surface site-bi ndi ng model. the fracti ona1 
dependence implies that dissolution is limited by a chemical reaction 
involving less than one adsorbed proton per magnesium ion released. 
Silica release shows no clear pH dependence. 
The rate of magnesium release is independent of the anions N03-. 
- 2- -C1 • S04 • HC03 • oxalate or catechol. Oxalate inhibited and 
catechol slightly enhanced silica release at pH 7.5-8.5; other anions 
had no systematic effect. Chrysoti1e ' s dissolution rate (10-15 •7 
mo1/cm2·s at pH 8) is consistent with observations on other magnesium 
silicates and brucite. 
vi 
Catechol adsorption onto chrysotile or aluminum oxide (pH 7.5-8.5) 
does not reach equil ibrium but increases over five days. After one 
day the max imum adsorption dens ity (Langmu ir adsorption equat ion) on 
chrysotile is 0.7x10-9 mol/cm2 (50 x 10-6 mg C/cm2), approximately 
one-third of the estimated density for proton exchange. The maximum 
adsorption density for natural organic matter was near 30 x 10-6 mg 
C/cm2 on both chrysotile and aluminum oxide. 
Chrysotile adsorbs sufficient natural organic matter within one 
day to reverse its surface charge. The extent of reversal is 1 arger 
than observed on aluminum oxide, because of selective dissolution of 
chrysotile's outer magnesium-hydroxide layer. 
In reservoirs, submicron-sized chrysotile particles coagulate with 
1 arger (>2 ~m), neg ativel y-charged partiel es that subsequen tl y settl e 
out. The rate at which freshly-suspended, positively-charged fibers 
coagul ate is at 1 east ten-fold greater than the rate for aged, 
negatively-charged fibers coagulate. Capture of chrysotile particles 
in water filtration is enhanced la-fold or more by incorporating 
fibers into larger floes. 
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CHAPTER 1 
I NTRODUCTI ON 
The purpose of the research work described in this thesis is to 
develop a better understandi ng of the chemical behavi or and the 
influence of surface chemistry on the physical behavior of chrysotile 
asbestos particles in natural waters and in water-treatment processes. 
Chrysotile particles suspended in lakes and rivers undergo 
dissolution, adsorb organic and inorganic ions fran solution, and 
coagulate with other suspended matter. In water treatment, these 
particles also adsorb dissolved ions, serve as nucleation sites for 
added coagulant chemicals, coagulate with other particles and deposit 
onto sand filter grains. The rate and extent of each of these 
processes depends on chemical reactions that occur on the particle 
surface. The work described here applies recent developments fran the 
surface chemistry of well-defi ned, model systems to a particle of 
potential interest in environmental health and engineering. 
1.1. MOTIVATION TO STUDY CHRYSOTILE 
1.1.1. Asbestos in Drinking Water 
Asbestos is found in dri nki ng water as a result of natural 
weathering of rocks and soil and due to corrosion of asbestos-cement 
pipe. Chrysotile fiber concentrations in the range of 108 fibers/L 
have been consi stently found in dri nki ng waters; n Everett, Washi ngton 
(Polissar, et ale 1982), California, (Cooper et al., 1978, 1979; 
Hayward, 1984), Thetford Mines, Quebec (Lawrence & Zimmennann, 1976) 
and Beine Verte, Newfoundland (Toft et al., 1981). Fiber levels above 
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10 6/L have been found in over 80 of 426 water supplies surveyed in the 
u.s. (Millette et al., 1979; 1980). 
There is no di rect evidence to confi nn or deny ali nk between 
ingestion of water-borne asbestos and disease in humans. However, 
elevated risks for lung cancer, mesothelioma and gastrointestinal (GI) 
cancers among occupati onal groups exposed to high 1 evel s of ai rborne 
fibers are well documented (Selikoff et al., 1979; Newhouse & Berry, 
1979; McDonald & Liddell, 1979; Michaels & Chissick, 1979). 
Asbestos-related diseases are the leading cause of death among some of 
these occupational groups. From 13-18 percent of U.S. cancer deaths 
are asbestos rel ated (Lemen et al., 1980). Although the pathogenesi s 
of asbestos-related disorders such as pleural disease, lung fibrosis 
and cancer is in general not known, recent medical evidence suggests 
that asbestos exposu re may stimul ate or alte r ce rtai n responses of the 
immune system (Miller et al., 1983). 
An increased lncidence of GI cancer due to asbestos inhalation is 
thought to be directly related to the clearing of fibers from airways 
and subsequent i ngesti on. The increased incidence among asbestos 
workers of peritoneal mesothelioma, a cancer of the lining of the 
abdomen, is thought to be caused by fibers penetrati ng i ntesti nal 
walls. These indirect suggestions that ingested fibers cause disease 
in humans provide a basis for water-quality concerns (NRC, 1977). 
A recent evaluation of dose-response data for III cancer from 
inhaled asbestos concluded that drinking water containing 0.llx10 6 
fibers/L (adult men) and O.17xl06 fibers/L (adult women) may lead to 
one excess GI-tract cancer per 100,000 persons exposed over a lifetime 
of 70 years (NRC, 1983). The committee al so analyzed epidemi 01 ogical 
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studies of groups exposed to asbestos in drinking water and concluded 
that thei r estimates of risk are canpatible with the results of the 
studies. However, the expected risks are below levels that can be 
statistically detected fran available data. The canmittee also 
concluded that there was no basis for selective regulation based on 
fiber size. Neither is there a basis for different regulations based 
on mineral identity. All types of asbestos have been shown to cause 
high incidences of cancer in humans (rARC, 1977). Although evidence is 
inconclusive, some investigators have suggested that relative risks for 
contracting lung cancer fran inhaled asbestos fibers may decrease in 
going fran crocidolite to amosite to chrysotile (Walton, 1982). 
1.1.2. Chrysotile Mi nerology 
The term "asbestos" is applied to two chemically and 
structurally different classes of naturally-occurring fibrous silicate 
minerals that are important for thei r high strengths and fi re 
resistance -- amphiboles and serpentines. Amphiboles are inosilicates 
(chain silicates) and form crystals by repeat of the chains -- make of 
silica and oxides of iron, magnesium, calcium and sodium -- in two 
directions. Fibers form by shearing small bundles of chains parallel 
to the chain axis. Serpentine minerals are phyllosilicates (layer 
sil icates); crystal s form by repeated alternate stacki ng of the 
infinite magnesium-hydroxide and silica sheets. A mismatch in the 
lattice dimensions between the magnesium-hydroxide and silica sheets 
that canbine to make each layer results in a curved rather than a flat 
crystal. Ionic substitution, particularly in the octahedral 
magnesium-hydroxide sheet, may also relieve strain caused by this 
mismatch (Wicks & Whittaker, 1975). Each layer is electrically 
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neutral and adjacent layers are held together by van der Waals forces 
(Hurlbut & Klein, 1977). Hydrogen bonding may also develop between 
adj ace nt 1 aye rs • 
Chrysot1le fibers can be thought of as about 40 layers of spiral 
or concentric tubes, as illustrated on Figure 1.1. Of the serpentine 
minerals (chrysotile, lizardite and antigorite) only chrysotile is 
carnnonly fibrous. Not all chrysotile is fibrous, however, and some 
fibrous material may be antigorite (Wicks, 1979). Antigorite 
typically forms a wave, corrugated sheet and lizardite forms a flat 
planar sheet in crystals. The chemical formula for serpentine is 
M9 35i 205 (OH)4· 
High-resolution electron microscopy observations of one synthetic 
and five natural chrysotile samples showed fiber diameters ranging 
from 10-60 nn, depending on conditions of growth (Yada, 1971,1979). 
Coalinga, California fiber diameters were log-normally distributed 
wi th a mean oute r dimens i on of 280 nn; i nne r di amete r was 8 rm. Both 
concentric and spiral layer structures were common. Yada (1971) also 
noted that outer surfaces of fibers in raw ore were generally smooth 
and clean, suggesting that in fiber bundles, inter-fiber sites are 
yoid. Filling of chrysotile fiber centers is uncertain, and thought 
to be variable (Wicks, 1979a). 
In California, serpentine minerals are found primarily in 
magnesium-silicate ultramafic rocks. Ultramafic rocks form elongate 
bodi es withi n and adj acent to maj or fault zones of the 5i erra-Nevada 
foothills; the most abundant component of these bodies is serpentine 
(Clark,1960). Large ultramafic bodies are also found in the coastal 
mountains. The chrysotile deposit of largest carnnercial importance is 
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in the coastal mountains of central California, near Coalinga (New 
I d ri a a re a) • 
Asbestos forms other than chrysotile are less canmon in the Sierra 
Nevada and the mountains of the Pacific coast, but may be found 
associated with ultramafics as well. Brucite may occur in fibrous 
form intimately associated with chrysotile or as platey irregular 
grai ns. 
The highly-sheared chrysotile ore found in the New Idria area 
consists of friable masses of matted chrysotile surrounding other rock 
fragments (Mumpton & Thanpson, 1975). The latter associated minerals 
are most canmonly lizardite, brucite and magnetite in these 
alpine-type ultramafics (Coleman 1971). Most other chrysotile ores 
consist of veins within massive serpentine rock. Fiber length depends 
on source. For example, fibers fran Globe, Arizona or Quebec may 
reach several millimeters in length. Those fran New Idria are 
shorter, up to a few microns in length. Recoverable fiber in the New 
Idria ore is 35-75 percent; in most ores containing veins of 
chrysotile it is less than ten percent. Chrysotile deposits in the 
Kl amath mountai ns canmonly consi st of a small zone of closely-spaced 
veins up to one inch thick. Fibers are oriented perpendicular to vein 
walls (Albers, 1966). Antigorite is the predaninant serpentine type 
in other areas in the mountains of California, wfth little or no 
lizardite and chrysotile present (Coleman, 1971; Springer, 1974; 
Olmstead, 1971). However, it has been recently suggested that the 
majority of California's serpentine rocks are canposed of lizardite 
only or lizardite plus chrysotile (Moody, 1976; Evans, 1977). 
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The chrysoti1e content of the pri nCipally serpenti ne, ultramafic 
areas in California varies fran near zero to 100 percent. Ultramafic 
bodies vary in area fran a few square meters to several square 
kilaneters. Most serpentine in California contains insufficient 
chrysoti1e to warrant mining. Historically, most mining claims 
contained less than five percent recoverable chrysoti1e in the 
serpentine ore (Rice, 1957), the notable exception being chrysotile in 
the New Idria area (Wiebelt & Smith, 1959). Essentially all 
serpenti ne contai ns sane chrysoti1e. Thus as noted by Wicks (1979a) 
and others, naturally-occurri ng chrysoti1e will be found in soil s, 
streams and lakes in many localities. 
1.1. 3. Ch rys ot il e inCa 1 if orni a Su rface Wate rs 
Chrysotile asbestos fibers are introduced into surface 
waters havi ng thei r origi n in the coastal mountai ns and western slopes 
of the Sierra Nevada as a result of natural weathering of the 
serpentine rock. Tributaries of nearly all the rivers in the northern 
and central portion of the state that flow to the Pacific ocean or 
into the Central valley pass through serpentine. Observed and 
predicted f1ber concentrations below major reservoirs range fran 
10 11 . 
10 -10 /L 1n the northern coast and western Sacramento-valley 
rese rv oi rs to conce nt rat ions on the orde r of 108_10 10 /L in the 
Sierra-foothill reservoirs (Table 1.1). Fiber concentrations in water 
passing through source-water reservoirs of The Metropolitan Water 
District of Southern California (Metropolitan) decrease as an 
exponential function of time. For example, the approximate one year 
of detent; on ; n lake Perris on the east branch of the Cal ifornia 
aquaduct provides a one-log removal of fi be rs; the th ree yea rs of 
8 
Table 1.1 Summary of fiber concentrations in 
California surface waters a. 
Location 
North Coast Rivers 
Northern & Western 
Sacramento Valley Rivers 
Eastern Sacramento 
Valley Rivers 
Eastern San Joaquin 
Valley Rivers 










o - 109 
109_ 1010 
108- 1010 







aAdapted from Bales et al., 1984 (Appendix VI). 
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detention 1n lakes Pyramid and Castaic on the west branch provides a 
three-log removal. These observations are taken fran a recent 
analysis of chrysotile fiber distribution in major surface waters 
tributary to the California aqueduct and to Metropolitan's water 
treatment plants (Bales et a1., 1984). Other recent reports give 
concentrations in selected waters of the state (Hayward, 1984; McGui re 
et a1., 1982, 1983; Farrell & Qualley, 1982; Cooper et a1., 1978, 
1979). 
In water filtration, fiber removal depends on particle size and 
thus on the extent to which fibers coagulate with added chemicals. 
Approximately two-log removal results for the low coagulant doses (3-5 
mg/L alum) used at Metropolitan's water treatment plants. 
1.2. SCOPE AND OBJECTIVES 
Specific objectives of this work relate to both water-quality 
engineering and water chemistry. The underlying assumption in this 
relation is that a better understanding of the basic surface-chemical 
reactions on chrysotile will contribute to both better insight into 
the envirormenta1 fate of these particles and a better control over 
particle removal in engineered systems. These objectives are: 
1. Detenni ne experimentally the rates at which magnesium and 
silica are released fran the chrysotile surface during 
di ssol uti on. 
2. Interpret the dissolution in tenns of coordination-chemical 
reactions occurring at the surface adsorption of protons 
and adsorption of ligands -- and the accanpanying shifts in 
magneSium-hydroxide versus s11 ica character of the surface. 
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3. Infer whether or not the observed dissolution behavior of 
chrysotile is consistent with rates reported for other oxides 
and silicates, and with suggested dissolution mechanisms. 
4. Detenni ne the extent to which adsorpti on of major inorganic 
anions found in natural waters influences the dissolution 
rate and surface charge of chrysotile. 
5. Oetenni ne the effect on surface charge of adsorbi ng model 
organics and natural organic matter onto aged chrysotile 
particles and onto an alumi num oxide surface. 
6. Relate the extent of adsorption and surface-charge 
development on chrysotile to the rate at which these 
submicron-sized fibers coagulate with larger particles. 
7. Verify experimentally, under a limited set of well-defined 
conditions, the coagulation efficiency of chrysotile with 
larger, silica particles. 
The scope involves four levels of investigation -- literature 
review, model calculations, laboratory experiments and field 
investigations. Primary emphasis is on experimental work supported by 
model calculations aimed toward meeting the above objectives. The 
latter level, field investigations, is to better define actual 




2.1. MOLECULAR MODEL OF SURFACE 
2.1.1. Chrysotile Surface Structure 
Each chrysotile fiber is a si ngle crystal, with the 
external surface of an ideal crystal being magnesium hydroxide. The 
outer hydroxide ions are in a hexagonal-close-packed arrangement, as 
illustrated by the two-dimensional molecular picture of the surface on 
Figure 2.1a. Each magnesium ion is in octahedral coordination with 
six ions, four hydroxides and two oxides. Three of these hydroxides 
lie in the particle surface. The remaining three ions lie in a plane 
beneath the surface, with the two oxides also forming the apices of 
underlying silica tetrahedra and the hydroxide lying between the 
apical oxides. Surface hydroxide density for the octahedral layer of 
chrysotile is the same as for brucite (Whittaker, 1956; Deer et al., 
) 2 ( -9 1966 , calculated fran unit-cell dimensions to be 12 ion/rm 2xlO 
mol/cm2). Each surface hydroxide is coordinated to three of the 
underlying magnesium ions. 
Removing the outermost hydroxide and magnesium ions without 
further surface rearrangement would leave a surface made up of the 
apical oxides of the silica tetrahedra and the remaining hydroxide 
ions that made up the octahedral coordination of magnesium (Figure 
2.1b). The canbined oxide-hydroxide density for this surface is also 
12 i on/ rm2• 
During at least the initial one to three days it is suspended in 
water, chrysotile dissolves with magnesium being released into 
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a. Magnesium hydroxide surface 
unit cell 
b. Si I ica surface 
Fig. 2.1. Schematic of chrysotile surface layers; 
a) () hydroxide, _ underlying magnesium; unit cell 
encompasses 1.5 magne~ium ions and 1.5 surface 
hydroxides; a = 3.13 A; . 
b () oxide, ~ underlying silicon. 
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solution in excess of the 3:2 ratio in pure serpentine (Mg 3Si 20S(OH)4) 
(Luce, 1969; Hostetler & Christ, 1968). This is apparently due to 
faster dissolution of the outer brucite (magnesium sheet) relative to 
the immediately-underlyi ng silica sheet maki n9 up chrysotile's outer 
layer, suggesting that the outer surface of a fiber dissolving at or 
below pH's of natural waters becanes more silica-like (Figure 2.1b) 
and less magnesium-like (Figure 2.1a) with time. 
Each hydroxide on the initial, ideal chrysotile surface is assumed 
to be a possible adsorption site for protons, other cations or anions. 
It is further assumed that removal by dissolution of a given number of 
su rface hyd roxides coordi nated to mag nesi um ions (>Mg-OH) in the oute r 
sheet results in creati on of an equal number of sil ica surface sites 
(>Si-OH) by exposure of the immediately-underlying sheet. These are 
also possible adsorption sites for protons, other cations or anions. 
Figure 2.2 is a general schematic of adsorption reactions that are 
assumed to occur at the mixed, magnesium-silicate surface. 
Physically, the canponents 1yi ng between the api cal oxides on the 
silica surface (dashed circles on Figure 2.1b) could be either 
remai ni ng hyd roxide ions or adsorbed wate r mol ecu1 es repl aci ng 
hydroxides that were removed with the magnesiums. In terms of the 
surface structure and surface model this distinction is not important. 
Rather the assumption is that on the remaining silica surface the 
surface site density is 12 ion/nm2 and the sites are alike -- each 
site has an equal probability of being occupied. by an adsorbab1e ion. 
The surface site density calculated for chrysotile is near that 
reported by others for oxide minerals. For e.xamp1e, the surface site 


































Fig. 2.2. Schematic of possible adsorption reactions on 
chrysotile surface; a) proton adsorption and desorption, and 
b) adsorption of ligands (L21 and cations (C2+). 
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based on a composite of three exposed crystal faces (Jones & Hockey, 
1971). Bound H20 was responsible for a port; on of the estimated 
density. A higher value, 16.8 ion/nn2 , was estimated by Yates for 
a-FeOOH (James & Parks, 1982). The Ti02 value compares well with the 
site density measured by isotopic exchange (Yates et al., 1980). 
Fiber ends, which make up approximately two percent of the total 
chrysotile particle surface area, are assumed to have the same 
adsorption properties as the face. Aside from the relative abundance 
of face to edge sites, this may be a necessary assumption in the 
surface-chemical model owing to the lack of a method to distinguish 
between the two in adsorption experiments. Edge-type sites also arise 
due to holes or pits on the surface. 
2.1.2. Coordination-Chemical Model 
2. 1. 2. 1. Mode 1 De vel opm e nt 
It is assumed that ions adsorb to both >Mg-OH 
sites and >Si-OH sites as inner sphere complexes and that a 
constant-capacitance model characterizes surface adsorption (Stumm & 
Morgan, 1981). A triple-layer model incorporating elecrolyte binding 
could equally-well or better describe adsorption of charged ions on 
the surface (Morel et al., 1981). Three factors contributed to the 
choice not to use the triple-layer model for chrysotile. First, the 
effect on surface charge resulting from ·changing the ionic strength 
within the range of interest, 0.01-0.1 M and pH 7-9, was observed to 
be small relative to the variability in the experimental results. 
Second, data requi rements are more extensive for a triple-layer model. 
Third, the additional insight to be gained from estimating parameters 
in a tnple-layer versus a simple constant-capacitance model is small f 
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given the uncertai nties in fonnul ati ng surface species for the mixed 
magnesium-silica surface studied. 
Surface charge is assumed to arise due to ion adsorption and be 
on the surface, in contrast to the space charge due to ionic 
substitution in the structurally similar aluminum-silicate clay 
minerals. In the model employed, the following intrinsic equilibrium 




K al(i nt) = + {>Mg-OH2 } 
(2.1) 
s 
{ >Mg-O-} [H+] 
e-e1jJ/kT 
K a2 (i nt) = {>Mg-OH } 
(2.2) 
s 
{ >Si 0- } [H+] 
e - e1jJ/ kT 
K as( i nt) = { >SiOH} 
(2.3) 
Concentrations of surface species, in braces, are in mol/cm2 and 
solution species, in brackets, are in mol/L. 1jJ is surface potential 
(volts), e is the charge on an electron, k is Boltzmann1s constant and 
T is temperature. Surface charge-density (C/cm2 is given by: 
a = F( {>Mg-OH2 +} - {>Mg-O-} - {>SiO-}) (2.4) 
where F is the Faraday. 
Surface charge density, detennined experimentally, is calculated 
fran a charged ion balance (electroneutrality) in the suspension, 
17 
where charge on the surface plus that in solution must equal zero. 
For chrysotile in the pH range 7-9, the expression is: 
CA and CB are the concentrations of acid and base added to hold pH 
consta nt. 
Mass bal ance requi res that: 
Sr ;s the total number of surface sites, assumed to be constant at 12 
ion/nn2 (2x10-9 mOl/cm2 ) as noted above. It is assumed that initially 
most are magnesium sites, a small fraction are silica sites and 
additional silica sites arise due to preferential dissolution of 
magnesium over silica. At any time Sm + Ss = ST -- the number 
concentration of magnesium sites plus the concentration of silica 
sites must sum to Sr' These two quantities are given by the 
difference between the number of magnesium and silica ions removed 
from the surface: 
The 3/2 tenn on silica reflects the stoichiometric ratio in the solid. 
SsG is the number of silica sites initially on the surface. 
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The re1 ation between charge and potential is given by: 
C =cr/1/J (2.9) 
where C is capacitance, a constant in this model. 
The acid-base character of si1 ica surfaces has been studied, 
recently by Young (1981). There are no similar reports in the 
1 iterature for a magnesium-hydroxide surface. However, some insight 
into its expected behavior can be inferred from observations on 
similar sol ids. Representative data from the 1 iterature that have 
been evaluated using a constant-capacitance model are 1 isted in Table 
2.1. 
2.1.2.2. Predicted Chrysoti1e Surface Speciation 
The estimated pHzpc of magnesium hydroxide is <12.5 
+ (Parks, 1967), suggesting that >Mg-OH2 should be the predominant 
surface species in the pH range of interest in Cal ifornia surface 
waters, 7.5-8.5. The reported pH IS for si1 ica are variable, but zpc 
average about 2 (I1er, 1979). At natural-water pHiS the surface 
species >Si-O- should predominate. Serpentine minerals have an 
intermediate pHzpc ' estimated by Parks (1967) to be 8.9, based on both 
>Mg-OH and >SiOH being on the surface. Reported values for pH iep for 
freshly-suspended chrysotile fibers are in the range 10-11.8 
(Pundsack, 1955; Martinez & Zucker, 1960). Ahmed (1981) reports a 
pH ZpC of 10 for freshly-suspended fibers. 
Cons tan t-c apac itance model an a1yses of silica surf ace proper ties 
have included three additional equi1 ibria that may be important in a 
chrysotile-water system, those for binding of monovalent cations 
(sodium or potassium) and magnesium: 
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s 6pK pHzpc ST' nm 
-2 Electrolyte 
y-A1 203 
b 7.2 9.5 2.3 8.3 1.3 O.lM NaC104 
y-A1 203 
c 7.4 10.0 2.6 8.7 1.3 O.lM NaC104 
a-FeOOH d 6.4 9.25 2.85 7.8 4 O.lM NaC104 
am-Si02
e - 7.5 - - 5 O.lM NaCl 
f 6.7 5 O.lM NaC104 am-Si02 - - -
Ti02
g 5.4 6.4 1.0 5.9 - O.lM KCl 
C, (a) 







aFirst number is capacitance observed below pHzpc ' s~cond is above pHzpc ; 
units are coulombs/volt. cm2• 
bReference: Hohl & Stumm, 1976. 
cReference: Kummert & Stumm, 1980. 
dReference: Sigg & Stumm, 1981. 
eReference: Young, 1981, capacitance and ST values assumed rather 
than observed. 
fReference: Schindler, 1981. 
gReference: Huang, 1981; data of B~rub~ & deBruyn. 
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* s { >Si -ONa}[H+] (2010 ) K c = 
{>Si-OH}[Na+] 
* s {>Si-OMg+}[H+] ee1jJ/kT 
K Mg = {> Si OH} [Mg2+] 
(2.11) 
* s = 
{( > S i -0) 2Mg }[H+]2 
(2.12) S Mg {>Si -OH }2[M92+] 
* s Recently-reported values for these constants are p K c = 9.5 (Young, 
* s * s 1981), P K Mg = 7.3 (Schindler, 1981) and p S Mg = 14.7 (Schindler, 
1981). The predicted behavior for a magnesium-silicate surface is 
s shown on Figure 2.3, usi ng these reported constants and with pKal = 
8, pKa2
s = 10, pKas
s = 7.5, C=4 C/V o cm2 and sa = 48.5 m2/g. Of the 
silica sites, the species >Si-O and >Si-OH predominate. Adsorption 
of Mg2+ is not considered in the analyses that follow. 
2.1.3. Magnesium-Anion Complexes 
Adsorpti on of both inorganic and organic ani ons onto the 
>Mg-OH surface of chrysotile will alter the surface charge and may 
. 
influence the rate at which chrysotile dissolves in natural waters. 
The major anions of interest in California waters are sulfate, 
chloride, bicarbonate, and the anions of carboxylic and phenolic 
groups associ ated with natu ral organi c matter (NOM). The poorly 
defined and variable character of natural organic matter in California 
waters introduces a high degree of uncertai nty into predicti on and· 
evaluation of adsorption characteMstics. To a first approximation 
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{>Mg-OH} 






















-10 ________ ~ ______ ~ ______ ~ ______ ~ ______ ~ 
6 7 8 
pH 
9 10 1 I 
Fig. 2.3. Predicted magnesium-silicate surface speciation; 
-3 s ST = 9.7 x 10 M, Sm = 0.8 ST' Ss = 0.2 ST' pKal = 8, 
PKa~ = 10, PKa~ = 7.5, C = 4 CjV • cm2, sa = 48.5 m2jg. 
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the adsorption behavior of higher molecular weight organic acids such 
as NOM may resemble that of lower molecular weight carboxylic and 
phenolic acids. In the analyses that follow, low-molecular weight 
organic acids are used to model the behavi or of NOM; these analyses 
aid in both predicting and interpreting surface-organic interactions 
on chrysotile in natural waters. 
The relative tendency for specific adsorption of anions on the 
a-FeOOH and y-A'203 surfaces is obse rved to be rel ated to the tendency 
for the respective metal-anion canplex to form in solution (Stumm et 
al.,1980). Canparable equilibria are the tendency of ligands to 







Equilibrium constants for magnesium canplexation with various anions 
are listed in Table 2.2. These equilibria are generally of the form: 
(2.15) 
When canbi ned with the fi rst and second acidity constants for H2A and 
with the M90H+ canplexation equilibrium constant, this takes the form: 
(2.16 ) 
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Table 2.2. Magnesium Equilibria at 25 C. 
log([M9L(2-Z)-][Mg2+]-1)(b) 
Anion log K(a) LT = 0.1 M LT = 0.001 M 
EDTA (N2C10H12084-) 8.83 5.38 
Catechol (C6H402
2-) 5.7 -1.56 
NTA (NC6H606
2-) 5.47 3.02 
Silicate (H2Si04
2-) 5.37 -5.27 
Silicate (H3Si04-) 1.24 -3.68 
Salicylate (C7H403
2-) 5.2 -1.15 
Citrate (C6H507
3-) 3.37 2.34 
Carbonate (C03
2-) 2.85 -
Bicarbonate (HC03-) 0.69 -
Oxalate (K1 )( C20/-) 2.76 2.17 
Oxalate (62) 4.24 2.87 
Phosphate (P04
3-) 2.50 1.02 
Sulfate (S042-) 2.28 0.97 
Hydroxide (OH-) 2.21d -




2-) 2e 0.1 
Chloride (Cl-) 0.91 -0.09 
Benzoate (C7
H402
-) ° .1 -1.1 
Nitrate (N03
-) f - -
a (2-z)- 2+ z- -1 . I = K [MgL J[Mg J[L J , K s from Martel & Smlth (1976). 
bM9T = 0.001 M, pH = 8, Kg'S from Martel & Smith (1976). 
CEquil. with PCO = 10-3. ; under these conditions, [CO 2- J = 
10-5.63 and [HCe3-J = 10-3.28; carbonate system K's fr~m Stumm & Morgan (1981). 
dSource: McGee &Hostetler (1975). 
eEstimated. 





















The relative tendencies for magnesium to form canplexes of this sort 
are canpared in Table 2.2 for 0.1 M and 0.001 M total 1 igand. For 
example, at pH 8 with 0.1 M concentration of selected ligands the 
1 . 2+ 3- - 0 2-re atlVe tendency for Mg canplexation is: oxalate> P04 - S 4 > 
F- > Cl- > benzoate> catechol > H3Si 04 - • The orde r is the same at 
0.001 M. At 350 ppm CO
2
, HC03- canplexes with magnesium to a greater 
extent than 0.001 M benzoate but 1 ess than 0.001 M chloride. 
Sulfate and chloride, canmon in natural waters, show sane evidence 
of canplexation with magnesium and thus may coordinate at a >Mg-OH 
surface and impart sane charge. Bicarbonate, silicate and the weak 
organic acid catechol are expected to less strongly bi nd to the 
surface under the conditions stated. Because H4Si04 and catechol are 
weak acids they are only slightly dissociated at pH 8. The 
magnesium-anion binding constant (log K of Table 2.2) together with 
the acidity constants for the anion of interest determine the relative 
importance of the canplex. Oxalate and other carboxylic acids form 
strong magnesium canplexes. No constant was available for 
coordination with the dicarboxylic phthalic acid. Based on equilibrium 
data for other cations and ligands, it is estimated that log K for a 
magnesium-phthalate canplex would be about 2. At both n.1 M and 0.001 
M, phthalate would form slightly stronger canplexes with magnesium 
than would chloride. 
2.2. DISSOLUTION MODEL 
2.2.1. Dissolutlon Process 
Dissolution is a multi-step process lnvolving both 
redistribution of canponents in space by diffusion and chemical 
reactions at the solid-liquid interface that facilitate flux of 
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canponents across the interface. Figure 2.4 shows the steps involved 
in dissolution at the surface of a solid suspended in a moving fluid. 
Either diffusion (steps a,b,h or i) or chemical reaction (steps c-g) 
may be rate 1 imi t i ng. 
For a reaction-limited process, steps c-g recognize that 
dissol ution occurs preferentially at sites of higher energy, 
conslstent with the accepted terrace-ledge-kink (TLK) mcx:lel of growing 
or subliming solid surfaces (Boudart, 1975). For example, it is 
suggested that cation release fran an oxide may proceed similarly to 
vaporization of metal in vacuum or anodic dissolution of metal 
(Valverde & Wagner, 1976): 
z+ . z+ z+ z+ Me (klnk) ~ Me (step) ~ Me (ads) ~ Me (aq) 
Electron-transfer, ion-exchange or canp1exation reactions may alter 
the rate of cation transfer fran kink sites to bulk solution by 
sl owi ng or speedi ng a surface-chemical reacti on or changi ng the rate 
of diffusion. For example, Stumm et a1. (1983) suggest that 
protonation of surface >MOH groups and ligand exchange -- formation of 
suitable inner-sphere canp1exes of the form >ML -- weaken remaining 
meta1-0xlde bonds and enhance detachment of the >M-L or >M-OH2 group. 
Alternately, specifically-adsorbing solutes may block access to 
surface sites and prevent proton or 1 igand attack. 
The rate of a su rface reacti on may be 1 imited by both the total 
surface area and the number of reactive sites per unit area that are 
available for reaction (Wadsworth, 1975). In laboratory experiments, 
the initial concentration of kink sites, or sites of higher energy, 
may be different fran the steady-state number present at later stages 











(b) Bdy.-layer diffusion 
(c) Surface diffusion 
(d) Complexation 
(e) Activated cpx.formation 
(1) Detachment 













(j) Solution complexation 
Fig. 2.4. Dissolution process. 
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creates fresh surfaces; the distribution of energy levels of surface 
sites will depend on the relative number of cracks, tips and 
dislocations formed and on the particle-size distribution. These 
surface properties are determi ned by the i ntensHy and durati on of 
grinding. The dissolution rate for freshly-ground material typically 
decreases over several hours or days to a steady-state val ue, whereas 
pre-weathered material exhibits steady-state dissolution from the 
outset (Holdren & Berner, 1979; Schott et al., 1981; Stumm et al., 
1983). 
Where dissolution is limited by surface reaction, large 
well-developed etch pits are observed to form at pOints of excess 
energy such as surface dislocations. For transport-controlled 
dissolution, attack is more rapid and more uniformly distributed over 
the surface (Berner, 1981). 
Dissolution may be diffusion limited, either in bulk solution 
(Rickard & Sj~berg, 1983; Zutic & Stumm, 1982), or through a surface 
precipitate or leached layer that forms when some solid components are 
released into solution at a faster rate than are others (Wadsworth, 
1975; Luce et al., 1972). A surface leached layer could result from 
+ + selective exchange of cations for H (or H30 ); a surface precipitate 
could result from reformation of surface material as selective ions 
are removed, or from precipitation of less-soluble, amorphous material 
as a well-ordered crystal dissolves. In addition to the sequence of 
Figure 2.4, two additional steps would occur: b.2) diffusion of 
reactive species through th~ surface layer and b.3) diffusion of 
dissolved species away, through the surface layer. 
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2.2.2. Chrysotile Dissolution 
Chrysotile dissolves according to the overall reaction: 
M93Si20S(OH)4(s) + 6H+ ~ 3Mg2+ + 2Si0 2(aq) + SH20 
Past studies of chrysotile dissolution have found that magnesium is 
released into solution in excess of the 3:2 ratio in pure chrysotile. 
This was observed for dissolution of a significant fraction of the 
solid at acidic pH (Morgan et al., 1973) and during at least the 
initial one to three days of dissolution near netural pH (Luce, 1969; 
Hostetler & Christ, 1968). Selective removal of the outer brucite 
(Mg(OH)2) layer could account for the greater magnesium release at 
short times. Continued release of magnesium at a higher rate could 
result in build-up of a silica surface layer. A surface gel or 
leached layer may form on chrysotile under natural-water conditions in 
t 1 t t . . F' 1 t 1 H Mg2+ b a eas wo Sl tuat1 ons. 1 rst, at eM to nelJ ra p, may e 
undersaturated and removed to solution while released silica 
precipitates as an amorphous surface layer due to oversaturation. 
Second, the chemical affinity for dissolution may be sufficient to 
enable forming a new lower-entropy surface phase by rearrangement of 
canponents remaining after the more-soluble Mg2+ is removed, forming a 
surface leached layer. Recent expeMmental evidence on feldspars, 
amphiboles and pyroxenes suggests that these do not occur to an extent 
sufficient to control reaction rate. Rather, chemical reaction at the 
mineral-water interface controls dissolution (Aagaard & Helgeson, 
1982; Berner & Schott, 1982; Berner & Holdren, 1979; Berner, 1978). 
Evidence on serpentines is inconclusive (Thanassin et al., 1977). 
Berner (1978) observed that for selected minerals there is a 
reasonably good correlation between the solubility of a mineral and 
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the rate-control 1 ing mechanism by which it dissolves. Minerals with 
sol ub il it ies on the order of 10-3 mol/L or lower (pH 8 in water) tend 
to be 1 imited by surface reaction and those more soluble are 1 imited 
by transport. Surface-reaction 1 imited dissolution is generally 
slower than dissolution 1 imited by transport in solution. This 
correlation would be true if precipitation, the reverse of 
dissolution, involved a rate-l imiting chemical step that was common to 
several different minerals and that occurred at approximately the sane 
rate in different minerals. For a reversible reaction k -diss -
Keqkprec' where kdiss and kprec are the rate constants for dissolution 
and precipitation respectively and Keq is the equil ibrium solubil ity 
product. If kprec is of similar magnitude for different minerals, 
then kdiss is proportional to Keq. If the rate-l imiting step in 
precipitation involves loss of one or more water molecules, analogous 
to solution complexation (Morel, 1983), then it is unlikely that kprec 
for a variety of minerals could be approximately equal. Water 
exchange rates for different cations vary by several orders of 
magnitude. Concepts of common rate-l imiting steps or quantitative 
relations between Keq and kdiss on kprec have not been incorporated 
into theories of nucleation and crystal growth. 
. 
Based on the correlation between solubility and dissolution 
mechanism, brucite dissolution should be transport 1 imited and sil ica 
dissolution,. reaction-rate 1 imited. This suggests that chrysotile 
should be either reaction 1 imited or a mix of reaction and transport 
1 im ited. 
Experimental results on chrysotile dissolution in strong acid can 
be interpreted as being either transport or reaction-rate 1 imited. 
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For exanple, from 25 to 250 hours is required to release into solution 
70 percent of the total magnesium from chrysotil e suspended in 1 M HCl 
(Morgan et al., 1973). As a function of the original surface area 
(assuming 50 m2/g) the average dissolution rate is on the order of 
10-13 _10-12 mol/cm2·s. The amount of magnesium released in these 
experiments was proportional to the square root of time, which is 
consistent with a transport-control 1 ed reaction (Luce et al., 1972). 
Electron micrographs of the fresh and magnesium-leached material 
showed 1 ittle change in fiber morphology, suggesting that both 
reactants (protons) and products (magnesium ions) diffused through an 
outer, porous silica 1 ayer that becane progress ively thicker as 
dissolution proceeded (Morgan et al., 1973). It is not known if the 
s i1 ic a remained as a 1 eached 1 ayer due to slow d issol ut ion or 
dissolved and reprecipitated from a saturated solution. Chowdhury 
(1975) observed release rates for magnesium from chrysotile on the 
order of 10-15 mOl/cm2s at pH 7 and 37 C, which is considerably lower 
than the rate in strong acid. (Surface area of the material was not 
reported in his experiments, so a v~ue of 50 m2/g was assumed.) 
The calcul ated diffusion coefficient from the data of Morgan et 
al. (1973), estimated following Luce et al. (1972), is on the orde:-
of 10-16 cm2/s. This is near the 10-17 cm 2/s estimated for magnesium 
leaching from chrysotile in 0.1 Noxal ic acid (Thomassin et al., 
1977) • 
Ionic diffusion coefficients in sil icate minerals are in general 
not known, and may range from 10-10 to 10-30 cm2/s (Petrovic, 1976) 
versus the 10-5 cm2/s for ion ic d iffus ion in water (Sherwood et al ., 
1975). Values for a surface-leached layer will depend on the 
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structure of the pores, or diffusion channels, through the sol ide 
Petrovic suggests that diffusion through an amorphous aluminum 
hydroxide precipitate in feldspars should proceed with diffusion 
coefficients comparable to those for diffusion through 
comparably-sized porous sol ids, on the order of 10-9_10-6 cm2/s. That 
is, dissolution that imp1 ies diffusion rates much smaller than these 
is too slow to be diffusion controlled. 
These order-of-magnitude comparisons fail to suggest whether 
chrysotile dissolution in strong acid is reaction-rate or diffusion 
1 imited. The diffusion 1 imitation could be in a surface-leached layer 
rather than a precipitate coating. Observations do, however, provide 
an upper bound on the expected dissolution rate in low pH media such 
as stomach ac ids -- 10-12 _10-13 mo1/cm 2·s, which corresponds to 
complete dissolution of a single fiber within a few days. 
2.2.3. Reaction Kinetics 
2.2.3.1. Theory 
Mineral dissolution involves simultaneous, 
multi-step chemical processes that transform sol id species into 
sol ution spec ies and al so rearrange spec ies remain ing in the sol id 
phase. For example, release of cations from an oxide may involve 
surface attack by protons, water dipoles and coordinating 1 igands at 
the same or different types of surface sites (e.g. edge vS. face 
sites), with each reaction occurring at a different rate. In many 
cases a single process at a single type of site will dominate. 
The over~l reaction rate for dissolution can be defined as: 
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1 dn \) d~ 
r = -- S dt - - S dt (2.17) 
which has units of mol cm-2·s-1• n is the amount of reactant in the 
system (mol), S is the anount of surface area in the system (cm2), ~ is 
the reaction progress variable, \) relates the change in moles of 
reactant to the change in the progress variable, and t is time. 
Rates for heterogeneous reactions such as catalysis or dissolution 
are properly referred to per unit of reactive surface area, or 
preferably, per unit active site (Boudart, 1975). The number of surface 
sites is generally not known with as much certainty as is the unit 
surface area and most recent investigators report rates per unit surface 
area of sol id. In some cases rates are reported per un it mass of sol id, 
with specific surface area also given. 
For a process involving a sequence of reversible reactions, the 
rates of which can be formulated from transition-state theory, the 
overall rate can be expressed as a function of the free energy change of 
the system (Boudart, 1976): 
r = r(l _ e-A/ oRT ) (2.18) 
r is the overall rate of the forward react ion, A is the total affin ity 
of the overall reaction: 
A = ~ko kAk (2.19) 
and 0 is the overall stoichiometric number of the reaction. Ak is the 
affin ity of step k in the forward direction, equal to the negative of 
the free energy change for the reaction. ok is the stoichiometric 
number of the kth reaction step and is equal to the rate of the kth step 
relative to the rate of the overall reaction; it is conveniently defined 
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as d~k/d~, where ~k is the progress variable for step k (Aagaard & 
Helgeson, 1982). 0 is defined by the quantity 0kAk/¥k· 
Figure 2.5 shows schematically the concept of a reaction barrier for 
a single elementary step corresponding to the formation of an activated 
complex for going from reactants to products (Gardiner, 1969; Hammes, 
1978) • 
For a single step, j, within the sequence being rate determining, 
r = r/ OJ and Aj »klfk for k = j. Then formul at ing rj from 
transition-state theory as the rate of decay of an activated complex 
(Lasaga, 1981; Dibble & Tiller, 1981; Aagaard & Helgeson, 1982), (2.18) 
becomes: 
r = 1 kT c~ -;- 11 J 
J 
(1 -A./o.RT) - e J J 
where k is Boltzmann's constant, T is temperature, h is Planck's 
constant, and ct is the concentration of the activated complex 
J 
(2.20) 
Far from equil ibrium Aj is 1 arge and the exponential term is small. 
Writing (2.20) in terms of the activated complex precursors, the species 
that react to form the activated compl ex in step j, and far from 
equilibrium, gives: 
1 kT Kj=f II -v .. 
r = - - - a lJ ( 2.21 ) 
0' h y.=f i i 
J J 
Here Kj f is the equil ibrium constant for the reaction leading to 
formation of the activated complex, Yj =f is the activity coefficient for 








Fig. 2.5. Free energy change (LGO) for single, 
reversible step in dissolution involving 
activation barrier that corresponds to formation 
of activated complex in the forward (LGof) and 
reverse (LGo r ) directions; Af = LG~ (see text). 
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equilibrium with the activated complex, and v .. are the stoichiometric lJ 
coefficients in the equil ibrium reaction. 
2.2.3.2. Kinetic Model for Chrysotile Dissolution 
Possible activated-complex precursors for 
pH-dependent dissolution of magnesium hydroxide can be formulated in 
terms of the degree of surface protonation, or extent of proton 
adsorption at surface >Mg-OH sites. If adsorption of a single proton is 
sufficient to bring about release of one magnesium ion into solution, 
the concentration of activated complex should be proportional to 
+ {>Mg-OH2 }, and (2.21) would be: 
1 
+ r = k1 {>Mg-OH2 } (2.22) 
where k1 =- y+ is the activity coefficient for the 
+ surface species >Mg-OH 2 • If more than one adsorbed proton is involved 
in forming the activated complex, then the probabil ity that adsorbed 
protons will occupy adjacent sites must be considered. The formul at ion 
is analogous to that for reactions involving surface catalysis (Boudart, 
1975; Hill, 1977). Figures 2.6 and 2.-7 illustrate possible physical 
pictures for adsorption of two protons at adjacent sites on a hydroxide 
surface. As noted above, each surface hydrox ide is a potential proton 
adsorption site, each underlying magnesium is coordinated to three 
surface hydrox ides and each surface hydrox ide is coord inated to three 
underlying magnesiums. figure 2.6 is a plan view, showing an edge, or 
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"-"D--I , I , 
(J-, , \ I \ I 
Fig. 2.6. Plan view of magnesium hydroxide surface illustrating 
release of magnesium resulting from adsorption of protons at 
adjacent sites; magnesium. , hydroxide (), adsorbed proton + , 
() water molecules. 
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Fig. 2.7. Schematic of chemical steps for release of one 
magnesium from chrysotile surface; a) complexation of protons 
at adjacent surface sites, b) formation of activated complex 
involving lengthening of bonds between magnesium ion and 
structural oxides, and c) detachment of magnesium from surface 
and coordination with water molecules. 
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hole in the surface where dissolution will preferentially occur. 
Coordination at adjacent surface hydroxides is illustrated. 
Concentration of positive charge near a single magnesium ion results in 
a change in the position or bonding of that cation in the solid lattice 
and eventually in release of a Mg2+ ion into solution. This is depicted 
in the schematic of Figure 2.7. An analogous picture could be developed 
for adsorpti on of three protons on adjacent sites. 
Following Boudart (1975) and Hill (1977), the probability of two 
adjacent sites being occupied is proportional to the square of the 
probability that one site is occupied, where the probability of 
occupyi ng anyone site is independent of the probabil ity of occupyi ng 
any other site. In the present case, the probability that anyone 
surface >Mg-OH site is ocupied by a proton is {>M9-OH
2
+} Sm- 1 , the 
fraction of surface sites that are protonated. The total concentration 
(mol/cm2) of pairs of sites on the surface is 1/2(Z1Sm)' where z1 is the 
number of nearest neighbors to any given site, a constant. The factor 
1/2 accounts for each pair being counted twice. For the concentration 
of pairs of protonated sites being C2 , the fraction of pairs of sites 
that are protonated is C2(1!2(z1Sm))-1. This is equal to the square of 
+ 2 -2 the fraction of sites that are protonated, {>~g-OH2 } . Sm • This gives 
(2.23) 
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An analogous argument for three adjacent sites would give: 
(2.24) 
where z2 is the number of nearest neighbors to each pair of sites. 
Substituting (2.23) into (2.21) for the case of the activated complex 
involving two adjacent protonated sites gives: 
where 
1 + 2 




Analogous expressions for the influence of adsorbed protons and 
anions in the dissolution of aluminum oxide have been presented (Stumm 
et al., 1983). Substitution of (2.1) and (2.2) into (2.22) gives an 
expression in tenns of hydrogen ion concentration: 
r = k S 1 m (2.26) 
Simil a r expressi ons woul d resul t for the cases of two (2.25) or th ree 
proton adsorption. Over a 1 imited pH range an approxlmation of the 
fall owi ng fonn can be used (Stumm et al., 1983): 
(2.27) 
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KI and a are empi rica1 constants, with 0 < a 2 1. In general, an 
approximate expression for dissolution rate based on equilibrium 
adsorption of protons is: 
n is an integer, likely one, two or three and kl incorporates k1 , KI, 
Sm and othe r constants, dependi ng on n. 
Figure 2.8 shows the expected dissolution rate for values of n of 1 
(2.22), 2 (2.25), and 3, usi ng the same equi1 ibrium constants as on 
Figure 2.3. The curves are nonna1ized to zero at pH 9 to pennit 
comparing the expected slopes for these three cases. The slopes (an 
values) are 0.3,0.6, and 1.0 for n = 1,2, and 3, respectively'. 
2.2.3.3. Observated Kinetic Behavior of Other Minerals 
Two sets of data are reported in the literature in 
the framework outlined above. For dissolution of cS-A1 203 , Stumm et ale 
(1983) reported a rate expression of the fonn of (2.28) with an = 0.4 
and n = 3 over the pH range 3.5-6. Pulfer et ale (1983) reported an = 1 
for dissolution of bayerite (y-A1(OH)3) over the pH range 3-4. 
Interpretation in the same manner implies n > 3, which seems unlikely 
based on su rface geomet ry. 
Wirth & Gieskes (1979) investigated dissolution of vitreous silica 
from pH 6-10, with an = -0.5 observed. An evaluation in tenns of 
surface charge, with >Si-O- being the species of interest, suggests that 
n = 2, or two OH- i nv 01 ved in the rate-dete nni ni ng step. 















{>M9-OH 2 +} 
2 
5 6 7 
pH 
8 9 10 11 
Fig. 2.8. Expected dissolution rates for brucite 
outer layer for adsorption of 1, 2, or 
3 protons per Mg2+ released; rates 
normalized to zero at pH 9. 
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2.3. PARTICLE-PARTICLE INTERACTIONS 
2.3.1. Coagulation in Natural Waters 
2.3.1.1. Existing Models 
Both detenninistic (O'Melia, 1980; Lawler et 
al., 1980; Hunt, 1980) and stochastic (Valioulis, 1983) models of 
coagulation have been applied to predict particle removal and 
particle-size distributions in dilute suspensions. The fanner method 
uses an empi rical coagulation-efficiency factor (a) to account for 
particle interaction and non-ideal behavior. The latter incorporates 
functions to describe hydrodynamic interactions and uses linear 
approximations to describe electrostatic forces between interacting 
double layers. Both methods treat spherical particles. In principle, 
either could be modified to describe behavior of non-spherical particles 
and could express coagulation efficiency in tenns of fundamental 
chemical properties of a system. 
For a detenninistic model, the rate of disappearance (L-1 s-1) for a 
given size and type of particle (indicated by 1) is given by: 
(2.29) 
where ki is the coagulation rate constant (Lis) and ni is the 
concentration (LO- 1) of size i particles. n1 is the concentration of 
size 1 particles. This is a simplification of the general equation used 
to predict size distributions (Friedlander, 1977) that considers 
fonnation of size 1 particles fran aggregation of smaller particles as 
we 11. 
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a should be a function of particle type and size, but in practice is 
generally observed only for a suspension of different particle sizes and 
assumed to be constant for given chemical conditions (Lawler, et al., 
1983). For a fully destabilized particle, a = 1. Stumm (1977) suggests 
that a may be from 0.1-1.0 in seawater, but that lower values 
characterize estuaries (0.01-0.1), rivers (10-4_10-3) and lakes 
(10-5-10-4). The highest a values measured in laboratory experiments 
are on the order of 0.5 (Birkner & Morgan, 1968), but values on the 
order of 0.01-0.1 are more commonly reported (Edzwald et al., 1974; Hahn 
& Stumm, 1968; Eppler, 1975; Gibbs, 1983). Many of the higher values 
are for estuarine waters and seawater. 
Calculated values for ki for three coagulation mechanisms 
Brownian diffusion, fluid shear and differential sedimentation -- are 
shown on Figure 2.9.(a) From these calculations it is clear that in the 
(a) Equations used to calculate ki are as follows: for Brownian 
diffusion, k; 1 where f = 3TI~d; (sphere) r. ' i 
1 
8TIllal 
and fl = ln2p+0.S ' the Stokes 
friction factors for flow parallel and perpendicul ar to acyl inder axis 
(Happel & Brenner, 1973; the average friction factor (f
ll 
/3 + 2f1 /3) 
appl ies to random orientation and was derived by Fuchs (1964) for a 
prolate ellipsoid. For fluid 
(d
1 
+ d i )3G s he ar, k i = 6 ; for 
2 2 2 = TIg(pp-p)(d 1+d i ) (d i -d1 ) 










Brownian Oi ifusion 
-13 
-14 
-150~-----L------~----~~----~-----50~----~60 10 20 30 40 
DIAMETER, f-Lm 
Fig. 2.9. Rate constants for coagulation of chrysotile 
fibers (0.05 ~m dia. by 0.5 ~m long) with larger spherical 
particles in water at 20 C with low fluid shear (G = 1 s-l) 
and high density (pp= 2.6 g/cm3); adapted from Hunt (1980) 
and OIMelia (1980). 
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presence of larger particles, removal of submicron fibers by 
differential sedimentation dominates. 
In this first-order estimate, the coll iSlon radius is assumed to be 
fiber length rather than diameter. This assumption is val id if fiber 
rotation is fast rel ative to transl ation; otherwise coll is ion rad ius 
should be based on the preferred orientation or distribution of particle 
orientations. The orientation of axisymmetric particles is determined 
by the combined effects of shear-induced rotation and rotary Brownian 
motion, which in turn affects transl ational movement (Cerda & van de 
Ven,1983). For a spherical particle, the distance a point on the 
surface moves by translation~ and rotation~ diffusion are 
approximately equal (Lyklema, 1976). In the absence of shear flow and 
for long times, Brown ian rotation resul ts in equal probab il ity for any 
given orientation of a non-spherical particle, i.e. random orientation 
(Fuchs, 1964). The preferred orientation of a rod-shaped particle under 
weak Brownian motion and in the presence of a simple shear is along the 
flow (Leal & Hinch, 1971). 
k = 1.4 x 10-16 g·cm2s-1, Boltzmann's constant; T = 293 K; ].l = 0.01 
g·cm- 2s-1, viscosity; G = 1 s-l, fluid shear rate; g = 980 cm·s- 2; Pp = 
2.6 g·cm-3, particle density; p = 1.0 g·cm-3, water density; a1 = 2.5 x 
10-6 cm, fiber radius; d1 = 5 x 10-
5 cm, fiber length; p = d/2ai = 10; 
di = size of type i particle. 
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An analysis of the fiber orientation was not accounted for in the 
calculated rate constants of Figure 2.9. Orientation was assumed to be 
random and rotational d iffus ion was assumed to be fast rel ative to 
translation. The effect of having fibers al igned in a flow would be to 
reduce the coll ision radius and thus the rate constant. The magnitude 
of this uncertainty in rate constant is unimportant (small) in the 
current context (southern Cal ifornia surface waters) for two reasons. 
First, coagul ation rates are greater at d· 1 arge, in which range 
1 
di ~ di + d1 whether one uses fiber length or diameter for d1• Second, 
the approximation of other particles as spheres of diameter di 
introduces a simil ar uncertainty into the coll ision-i"adius forms. 
2.3.1.2. Model Appl ied to Fiber Ranoval 
Removal of asbestos fibers in natural waters 
occurs by coagulation with larger particles that subsequently settle 
out. Particles with a settl ing velocity greater than the overflow rate 
of a reservoir should be ranoved to a 1 arge extent. The Stokes settl ing 
velocity for 0.5 ~m by 0.05 ~m fibers is on the order of 30 cm/yr.(b) 
To be ranoved in source-water reservoirs of The Metropol itan Water 
District of Southern Cal ifornia, fibers should coagul ate with particles 
larger than about 2-5 m in size. 
(b) Cal cul ated from Stokes 1 aw for acyl inder; average for settl ing 
_ 2g( p- )a2 9 
parallel: u - ---;9..-:"1l.,-'-----· 4(£11 2p-0.72), and perpendicular: 
9 
u = 8" (in 2p+0. 5 ) to the fiber ax is; a is the 
fiber rad ius and p is the fiber aspect ratio -- hal f 1 ength 
divided by radius (Lerman, 1979). 
47 
From the rate constant for differenti~ sedimentation as graphed 
on Figure 2.9: 
(2.30) 
it is apparent that ki does not depend on d1 for d1 « die That is, 
removal of submicron-sized asbestos fibers is not a function of fiber 
size. 
Integration of (2.29) from t = 0 to t gives: 
o n1/n 1 = exp(-at~ n.k.) (2.31) ill 
where n1
0 is the initial concentration of type 1 particles. The 
relative concentration of type 1 particles at any time is then 
calculated from the size distribution of type i particles and the 
corresponding kils. 
2.3.2. Deposition in Sand Fil ters 
2.3.2.1. Model Predictions 
Deposition of submicron-sized particles onto 
mill imeter-sized sand grains in deep-bed filtration occurs primarily 
by Brownian diffusion. Interaction due to fluid shear and particle 
settl ing are important for 1 arger part icl e sizes (Yao et al., 1971). 
Following the development of OIMel ia and coworkers (OIMel ia, 1980), 
deposition is given by: 
dn 1 3 (1-f) 
d"l- - 2" d2 
an1n 1 (2.32) 
where L is depth in the bed, d2 is grain ( co 11 ec to r ) d i aneter , f is 
bed porosity, n1 is the number concentration of type 1 particles and 
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is collection efficiency. nl is the single-collector contact 
efficiency, given for Brownian diffusion by: 
nl = 4 Pe-
2/ 3 (2.33) 
where Pe is the Peclet number. 
Figure 2.10 shows calculated contact efficiencies for the three 
deposition mechanisms -- Brownian diffusion, interception and particle 
settl ing for different-sized particles.(c) Calculations are presented 
for spherical particles and for fibers of 0.05 ~ diameter. 
Chrysotile fibers, fall ing in the 0.1-1 ~ size range (length), should 
be removed primarily by Brownian diffusion; settl ing becomes important 
only above 1 j..I/T1. The contact efficiency is in the range of 10- 3 for 
0.5 llm fibers and decreases at 1 arger sizes. Incorporation of 
submicron-sized fibers into 10-30 llm sized spherical flocs with a 
density of 1.05 g/cm3 by coagulation would result in a contact 
efficiency (by settl ing) of up to 10-fold higher. An even higher 
val ue waul d resul t for a more dense floc. 
(c) nl is given for Brownian diffusion by: 
al • (1971) give: for 
, adapted from Yao, et ale (1971) and Levich 
footnote (a). For spherical particles, Yao et 
. kT 2/3 
Brownian diffusion n1 = 4 Pe-2/ 3 = 0.9 ( d d V ); 
II 1 2 0 
2 
= t (:~) ; and for sedimentation for fluid shear n 1 
2 g(pp- p)d 1 
; d2 = 0.05 em, Vo = 0.34 cm·s-
1 (5 gpm·ft-2), the n 1 = 18 II Vo 
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Figo 2010. Contact efficiency for deposition 
of chrysotile fibers at a stated 
length by Brownian diffusion and 
deposition at spherical particles 
by settling and interception onto 
spherical collectors in water at 
20°C; adapted from Yao et al. (1971). 
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Total particle removal in a fil ter is given by the integrated form 
of (2.31): 
~ 
3 (l-f)L ~ 
- 2" d anI 
2 
(2.34) 
Optimum removal occurs when particles are fully destabil ized (a=l) by 
chemical addition. Water filters at Metropolitan contain 50 cm of 
anthracite (d 2 = 0.1 cm) underlain by 20 cm of sand (d 2 = 0.05 cm). 
Predicted values for n11n10 using these paraneters and f = 0.4 are 
given in Table 2.3. Three cases are illustrated: fiber removal 
without coagulation prior to filtration; removal following coagulation 
of fibers into loose, low density flocs; and removal following 
coagulation into dense flocs. These calculations illustrate that 
significant fiber removal in sand fil ters is expected only if fibers 
are first coagulated into larger, loose floes of 20 llm or greater in 
size or into dense floes of 5 llm or greater in size. 
2.3.2.2. Reported Removals in Water Fil tration Studies 
Resul ts of pilot-pl ant stud ies on asbestos fiber 
removal are reported for three different waters: Duluth, Minnesota, 
on Lake Superior water containing amphibole fibers (Logsdon, 1979); 
Seattle and Everett, Washington, on water originating in the Cascade 
mountains containing chrysotile fibers (Kirmeyer, 1979); and Quebec 
surface waters containing chrysotile fibers (Hunsinger et al., 1980). 
Fiber removal has also been monitored in full-scale plants in 
Minnesota (Logsdon et al., 1983), Washington (Logsdon et al., 1981) 
and Southern Cal ifornia (McGuire et al., 1983). 
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Table 2.3. Predicted Fiber Removal in Water Filtrationa 
Particle size, n1 





0.1 1.4x 10-3 0.3 B 
0.5 8.3 x 10-
4 0.5 B 
1.0 6.0 x 10-
4 0.6 B 
coagulation (pp = 1.05) 
1.0 1.6 x 10-4 0.9 B 
10 1.4 x 10-3 0.3 B, I , S 
20 5.6 x 10-3 0.01 I , S 
25 8.8 x 10-3 0.0008 I, S 
coagulation (pp = 2.6) 
1.0 4.2 x 10-4 0.5 B, S 
3.0 2.3 x 10-3 0.15 S 
5.0 6.5 x 10-3 0.005 S 
aFrom Figure 2.8 and equation (2.32). 
bB = Brownian, I - interception, S = settling. 
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These studies were designed to identify the operating conditions 
that achieved max imum fiber removal, generally by varying the dose of 
inorgan ic sal t and organ ic polymer added pr ior to fil tration. the 
mechanism of fiber removal and the important chemical variables in 
that mechan ism were not addressed. 
Sand filtration preceded by coagul ation with alum (30-50 mg/L) was 
shown to reduce fiber concentrations in a raw water from Quebec from 
1.3x109 fibers/L to below 105 fibers/L (Lawrence & Zimmerman, 1976). 
Fibers were incorporated into the aluminum hydroxide floc formed in 
coagul ation. Polymer addition (0.5-1.0 mg/L) was required to achieve 
high removal of the resul t ing turb id i ty. Further p il ot tes ts of a 
Canadian surface water spiked with chrysotile asbestos fibers to 
106-107/L achieved approximately a one order-of-magnitude fiber 
removal; coagul ant additions were 30 mg/L alum and 5 mg/L activated 
sil ica (Hunsinger et al., 1980). 
Reductions in chrysotile fiber levels by 10-1000 fold were 
achieved in a direct-fil tration pilot study on Tol t river water, 
Washington (Kirmeyer, 1979). Influent concentrations were 106-107 
fibers/L. Alum (3-10 mg/L) was the primary coagulent; in some cases 
1 ime (1-4 mg/L) or cationic polymer (2-3 mg/L) was added. A non-ionic 
or anionic polymer (0.02-0.3 mg/L) was added as filter aid. 
From these studies it is apparent that fiber removal can vary from 
near zero to over 99.99 percent in a given treatment plant, depending 
on the operating conditions. Mean removals of about 99 percent are 




MATERIALS AND METHODS 
Most particles used in this experimental work were fran natural 
ore, have heterogenous surfaces, are of non-un; fonn si ze and contai n 
variable amounts of impurities. The objective in using natural 
material rather than model particles is to relate this work more 
closely to the weathering behavior of natural silicate minerals, 
particularly chrysotile asbestos, in freshwaters. Chrysotile 
characterization work reported in this section is aimed toward 
defi ni ng the range of its physical and chemical properties, both in 
the laboratory and in natural-water systems. 
3. 1. 1. Ch rys ot 11 e 
The starting material is raw chrysotile (Calidria) ore 
fran the Union Carbide Corporation mine near Coalinga, California. As 
received, the material is moist and includes particles fran about five 
millimeters down to one micron in size. Canponents of the ore include 
magnetite, lizardite, brucite and trace impurities, along with 
~hort-fibe-r chrysotile (Mumpton & Thanpson, 1975). Laboratory methods 
used to purify particle samples are generally harsher and of shorter 
duration than natural weathering, where physical impacts are of low 
intensity and chemical attacks are by weaker acids. Chrysotile 
pu rifi cati on p rocedu res we re desi g ned to mi nimi ze both structu ral 
damage to fi be rs and changes in parti cl e su rface. 
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3.1.1.1. Chrysotile Preparation Procedure 
The method used to separate fibers fran the raw ore is 
illustrated on Figure 3.1. The raw ore was hand sorted by texture and 
color to remove obvious impurities such as massive serpentine or large 
magnetite fragments, suspended in deionized water and sonicated to 
release fibers. Separation involved diluting, stirring with a 
magnetic bar to collect magnetite and decanti ng to remove larger, 
heavier material. It was assumed that impurity brucite would dissolve 
away; the dissolution rate for brucite is about 1000-fold faster than 
that for chrysotile. The lack of excess magnesium in the processed 
ore was taken as evidence that impurity brucite was not present. 
Separation of magnetite fran chrysotile by sonication and stirring in 
water occurred within minutes. Simple grinding fails to separate the 
two minerals (Allen & Smith, 1975). 
After gravity settling, suspensions were centrifuged to separate 
solids fran supernatant. Resulting solids were washed with deionized 
water and recentrifuged until the centrate reached a constant 
conductivity. The paste was then dried in an oven at 70 C. The dried 
cake was placed in an alumina dish with a movable puck and crushed by 
oscillating for 30 seconds in a Spex Shatterbox. By this procedure 
about 50 grams of raw ore can be processed in one day, yielding about 
30 g rams of fi be rs. 
Sane initial consideration was given to making synthetic 
chrysotile, but physical characteristics of the resulting fibers 
(Yang, 1961) do not resemble those of the natural material found in 
Cal Hornia. Further, synthetic fibers may contai n rel atively high 
1. hand sort 
\tt 
• ~ • 1 f 
.... -
4. settle, centrifuge, 
wash a recentrifuge 
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2. suspend a sonicate 
~ 
5. dry 
3. magnetic stir a decant 
6. crush 
Fig. 3.1. Chrysotile ore purification procedure. 
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fractions of impurity brucite or silica (Hostetler & Christ, 1968), 
the two starting materials for synthesis. 
3.1.1.2. Chrysotile Chemical Characteristics 
Chemical canposition of the purified ore was determined 
by digestion in HF and aqua regia in a teflon banb (Bernas, 1967) 
usi ng the molybdate-bl ue method of St rickl and and Pa rsons for si 1 i ca 
(Fanning & Pilson, 1973) and atanic absorption spectrophotanetry (AAS) 
for cations. Na2SiF6 was used as a silica standard and Baker 
analytical standard (1 mg/ml in HN03) for magnesium. Results are 
listed in Table 3.1. Iron accounts for about 3.4 percent of the 
cation in the octahedral layer. A similar level is reported in a 
typical analysis by Union Carbide, also listed in Table 3.1. The more 
extensive analyses of Mumpton and Thanpson (1975) are shown as well. 
In addition, the purified are contains about O.S percent magnetite, 
determined fran the amount of residue collected on the magnetic spin 
ba r in one fi ve-day, constant-pH expe riment. 
The resulting chemical formula for the analyses done as part of 
this work is (Mg,Fe)3Si2.20S.1(OH)4' versus Mg 3Si 20S(OH)4 for pure 
serpentine. The magnesium to silica ratio in this work is lower than 
for the other reported analyses. Apparent molar ratios of magnesium 
plus i ron to sil ica are 1.36 in the current work, 1.S4 for the Uni on 
Carbide analysis and 1.S7 for Mumpton and Thanpson's analyses. 
Analysis of centrate fran ore purification showed dissolved magnesium 
concentrations near 2 mg/L; this is much lower than the nearly 100 
mg/L needed to account for the reported differences. Rather, the 
differences are assumed to be due to different purificati on and 
cleaning procedures, as well as raw-material differences. 
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Table 3.1 Calidria Ore Composition 
Weight Pe rcent 
This 
Uni on Ca rbi dea Thanpsonb Component Work Mumpton & 
MgO 39.70 41.9 42.41 
Si02 45.44 42.8 41.40 
A1 203 < 1 0.5 0.13 -
Fe203 4.62 4.0 5.02 
CaO 0.18 0.11 0.26 
NiO 0.03 0.33 0.03 
Mn02 0.09 - -
K20 0.15 - -
Na20 NO
c - -
H20 & CO2 9.8
d 13.5 13.47 
aAnalysis supplied by Union Carbide Corp., with ore. 
bAverage of three reported analyses; reference: Mumpton and 
Thompson, 1975. 
cNone detected. 
dEstimated by subtracti ng sum of other components from 100. 
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Trace metals associated with chrysotile are generally found in 
impurity minerals rather than as substitution products in chrysotile 
(Reimschussel, 1975). The organic content of a hand-sorted, milled 
Quebec chrysoti1e was detennined by extraction with benzene and 
cyclohexane to be from 0-50 ppm (Gibbs, 1971). The extract contained 
a peak at C2 , with a unimodal distribution about that point. It is 
not known if the organics are part of the crystal or are adsorbed on 
the surface. The organic material is thought to have its origin 
either: 1) fran circulating groundwater, 2) of magmatic origin, 3) of 
sedimentary origin, or 4) fran distillation of pre-existing oil pools. 
Percolation of surface water and sample contamination during 
processing were considered unlikely. Speil and Leinweber (1969) also 
note that chrysotile contains natural organic impurities. They report 
that cyclohexane extraction of 11 U.S. and Canadian milled samples 
yielded fran 40-500 ppm organics. 
3.1.1.3. Chrysotile Physical Characteristics 
The surface area of the purified fibers, measured 
by si ng1 e-poi nt BET nit rogen adsorpti on usi ng a Quantasorb system 
(Quantachrane Corporation), ranged fran 46.3 to 57.7 m2/g. A 
representative value is 48.5 m2/g; this is used in subsequent 
cal cul ati ons. 
Figure 3.2 shows the distribution of fiber lengths in the purified 
ore; also shown are the overall distributions for samples taken fran 
the Feather river and fran Metropolitan's source-water reservoi rs 
(McGuire et al., 1982; Bales et al., 1984). The natural-water samples 
have a flatter distribution, reflecting breakup of the larger fibers 
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Fig. 3.2. Chrysotile size distribution; values for purified 
ore from transmission electron microscopy analysis of 500 
fibers; includes both single fibers and fiber bundles. 
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further separating fibers by length (Spurney et al., 1979) were not 
applicable here. 
The size distribution for the purified Calidria ore was obtained 
fran raw ore without intense gri ndi ng. Langer et al. (1978) report 
nearly the same size distribution for Calidria ore dispersed in one 
percent amyl acetate. Following milling for one minute, their size 
distribution was shifted down and to the right, with a slope nearer 
that of the natural-water samples on Figure 3.2. Longer mill i ng 
shifted the size distribution further down and to the right. 
Spurney at ale (1979) note that although use of wetti ng agents or 
organic solvents such as methyl alcohol, ethyl alcohol, isobutyl 
alcohol, etc. facilitates prepari ng chrysotile suspensions, these 
organics may adsorb and change surface physical-chemical properties, 
making the resulting fibers unsuitable for representative biological 
experiments. These investigators used only double-distilled water to 
suspend fibers during the sample preparation. They state that surface 
properties in an aqueous suspension remained practically unchanged 
du ri ng fiber si ze-separati on experiments. 
Langer et ale (1974) noted that gri ndi ng Quebec chrysotile ina 
Waring blender for 30 minutes produced irregular rather than straight 
fiber edges; some fibers exhibited a defonned and collapsed central 
capillary. Spex milling produced sane crushed fibers, but no 
irregular edges were noted. Speil and Lei nweber (1969) show an 
electron micrograph of Spex-milled chrysotile in which none of the 
origi nal structure is evident. X-ray diffracti on confi nned that the 
fiber structure was destroyed. They suggest that structural changes 
we re caused by manenta ry 1 oca 1 i zed tempe ratu re su rges ; n a fi be r as it 
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absorbed the impact energy. They confi nned this by c011pari ng fibers 
that were ball milled wet versus dry. Wet milling precludes high 
localized temperatures. Langer et al. (1978) also note physical 
structural and surface damage as well as decreased hemolytic activity 
for fibers as milling time is increased. 
The above considerations indicate that the short milling time (30 
seconds) used in the present work had little effect on the size 
distribution of fibers originally present in the are. Also, 
sonication produces fibers with a size distribution similar to that 
achieved with an organic dispersing agent -- amyl acetate in the work 
by Langer et ale (1978). The purified ore exhibited 
electron-diffraction patterns characteristic of chrysotile and 
revealed no damage due to processing. Figure 3.3 shows typical 
transmission electron micrographs of the purified ore and of fibers 
separated fran natural waters. 
3.1.2. Brucite 
Th ree different Mg(OH)2 mate ri a 1 s we re used. I niti al 
potentiometic surface-charge experiments were done with Mg(OH)2 powder 
reagent (MC/B Manufacturing Chemists), which is ~ 95 percent magnesium 
hydroxide. BET surface area, measured by single-point nitrogen 
adsorption, is 45 m2/g. The second and third were natural brucite 
(Mg(OH)2) from a mining area in Nevada and are tenned Lodi brucite and 
Gabb brucite, respectively. Both were obtained as rocks, through 
Wards Natural Science Establishment, Rochester, New York. The raw ore 
was broken and hand sorted to remove obvious impurities, then crushed 
with a mortar and pestle. Analyses by the same method as above for 
chrysotile indicated that the first material was about 48 percent 
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-.. ... ~- . 
Fig •. 3.3. Electron micrographs of chrysotile fibers; a) from 
chrysotile are, b) in California aqueduct sediment. 
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Mg(OH)2 and the second material was 100 percent Mg(OH)2' Surface 
areas were measured to be 0.67 and 1.96 m2/g respectively. 
3. 1. 3 • A 1 LD11; num Ox ide 
Adsorption experiments were carried out using "Aluminum 
Oxide e" (Alox), which is manufactured in Germany and was obtained 
fran Oegussa Corporation, Teterboro, New Jersey. It is reported to 
consist predanonantly of y-A1 203 (Kummert & Stumm, 1980). Prior to 
its use, the alLD11ina was washed once with 0.1 M NaOH and seven times 
with double-distilled water (Hohl & Stumm, 1976). The suspension was 
then centrifuged between washings, with sane loss of fine material in 
the centrate. The washed material was stored in distilled water for 
approximately one year prior to use. Stock suspensions for 
experiments were made by drying a portion of the washed alumina at llO 
C, grinding lightly with a mortar and pestle to break large 
aggregates, and transferri ng the requi red amount to 0.01 M NaCl 
solutions. Surface area of the washed material, measured by 
single-point BET nitrogen adsorption, is 82 m2/g. This is lower than 
the 100 m2/9 reported for the unt reated colloid and the 130 m2/g 
reported for the washed call oid by others (KurmJert & Stumm, 1980). 
The lowe r val ue may refl ect both the removal of fi nes du ri ng washi ng 





) was Min-U-Sil 30 obtained fran Pennsylvania 
Glass Sand Corporation, Berkeley Springs, West Virginia. The 
manufacturer reports a silica content of 90.7 percent, a specific 
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gravity of 2.65. a surface area of 0.54 m2/g and a mean particle size 
of 8.8 pm. This is a non-porous materi~ . 
The cleaning procedure was less rigorous than that used by Vuceta 
(1976) and Young (1981); the latter noted 1 ittle difference in 
adsorption characteristics of cleaned versus uncleaned material. 
5il ica was heated at 500 C for 24 hours to remove organic impurities. 
It was then washed successively with 4 M HN03 and 4 M NaOH. Following 
each wash. silica was rinsed with double-distilled water until the pH 
of the supernatant was the same as the pH of the double-distilled 
water. Washed sil ica was dried overnight at 130 C. It was planned 
that many of the fines would be removed in the supernatants. The 
resulting particle size distribution (Figure 3.4) suggests that coarse 
material was lost. however. 
3.2. OTHER MATERIALS AND CHEMICALS 
Acid and base used for the constant-pH experiments was made from 
Dilut-it analytical concentrate (J.T. Baker). Other chemicals were 
reagent grade; solutions were filtered through 0.22 pm Millipore 
filters prior to use. Nitrogen gas was ~Matheson-grade." containing 
less than 0.5 ppm CO2• Gas was further cleaned and humidified by 
bubbl ing successively through 5 M KOH and 0.5 M KOH and two vessels 
containing distilled water. Nitrogen-carbon dioxide mixtures were 
from Matheson, certified to be within one percent of the stated CO2 
content. 
3.3. EXPERIMENTAL DESIGN 
Insofar as possible, experiments were designed to model 
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Fig. 3.4. Size distribution of Min-u-Sil 30; comparison 
of distribution reported by manufacturer versus distributions 
measured on washed material by TEM counting and by Coulter 
Counter. 
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and west branches of the Cal ifornia aqueduct. Major ions are Na+, 
HC03- and S042-; ionic strengths are 0.009 M and 0.013 M in the east 
and west branches respectively. Table 3.2 1 ists characteristics of 
the water en ter ing Metropol i tan I s treatment pl ants. Adsorpt ion and 
mobility experiments were carried out in 'V 0.01 M NaCl/NaHC03 
solutions. Dissolution rates were generally measured in 0.1 M 
solutions; using 0.1 M electrolyte assured that ionic strength 
remained nearly constant despite addition of mill imol ar anounts of 
magnes ium to sol ution. 
3.3.1. Potentiometric Experiments 
Dissolution and surface-charge behavior were monitored in 
constant-pH, constant-temperature suspensions of two grams of 
chrysotile per 200 ml. of 0.01-0.1 M electrolyte (KN03, NaN03, NaCl or 
Na 2S04). Some experiments were done with either catechol 
(l,2-dihydroxybenzoic acid, C6H4(OH)2) or oxalic acid (C2H204) 
present. Duration was from three to five days, chosen as sufficient 
to establ ish a 1 inear dissolution rate after the initial one-day 
non-1 inear dissolution start-up period. A constant-pressure nitrogen 
or nitrogen-carbon dioxide (350 ppm) atmosphere was maintained by 
bubbl ing gas through the suspensions. Fifty such experiments were 
carried out; experimental paraneters are 1 isted in Table 1 of Appendix 
II. 
Surface charge density, as defined by equation (2.4) was inferred 
from the CIllO un t of ac id or base added in excess of that needed to 
dissolve the mineral: 
(3.1) 
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Table 3.2 Characteristics of Metropolitan Surface Waters for 1981-82 
Water Year 
West Branch a East Branch
b 
Property Units Average Range Average Range 
Silica, Si02 mg/L 14.1 13.0-15.4 13.3 
11.8-16.0 
Calcium mg/L 44 36-55 22 19-27 
Magnesi urn mg/L 18.1 16.0-20.5 12.9 9.5-15.5 
Sod; urn mg/L 51 44-58 50 34-65 
Potassi urn mg/L 2.8 2.5-3.2 2.6 1.5-3.4 
B; ca rb ona te mg/L 126 118-140 87 72-105 
Su 1 fate mg/L 106 85-133 46 34-73 
Chl or; de mg/L 58 43-66 67 40-96 
Nit rate mg/L 1.7 0.6-2.7 3.1 1.0-6.1 
pH -- 7.8 7.4-8.1 8.0 7.8-8.3 
Tot a 1 d; s sol ved mg/L 359 334-385 260 201-309 
sol ids 
Total hardness mg/L 183 162-218 107 92-129 
Specific mho/cm 617 604-635 477 377 .. 565 
conductance 
Turbidity ntu 1.3 1.0-2.2 2.0 0.9-5.4 
Tempe ratu re deg.C 14.0 12.1-19.0 14.9 9.0-24.0 
aCastaic L. effluent, sampled at Jensen water treatment plant. 
bSilverwood L. effluent, sampled at Devils Canyon afterbay. 
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s is the specific surface area of the particles used in the 
experiments and a is the particle concentration. No measure of 
surface charge density was available from experiments with 
bicarbonate, catechol or oxalate present as uncertainties in 
speCiation-and complex fonnation were large relative to other tenns in 
equati on (3.1). The amount of catechol or oxal ate adsorbed to the 
sol id surface was determi ned throughout the experiment by measuri ng 
changes in solution concentration. 
At interval s from approximately 12 to 24 hours samples were 
withdrawn with a 10 ml Plastipak syringe and passed through a 0.1 llm 
Nucleopore filter for analysis of dissolved magnesium silica and 
organi cs. 
To verify that particle concentration did not affect results, 
experiments at pH 8 were run using 0.18, 1.0 and 2.0 grams of 
chrysotile per 200 ml; the dissolution rate per gram of solid added 
was the same in each case, as shown on Figure 3.5. To verify that the 
glass components were not contributing significant concentrations of 
sil ica, parallel experiments were run usi ng brucite (magnesi um 
hydroxide) as the starting material. Above pH 9.5, dissolved silica 
in the brucite experiments was approximately 5 percent of that in the 
chrysotile experiments. This amount was from the beaker, pH electrode 
or glass tube used to bubble in nitrogen gas. 
Experimental conditions were designed such that both magnesium and 
silica were far from solubility equilibrium (Figure 3.6). In 
suspensions without carbon dioxide, Mg(OH)2(s) controls magnesium 
solubility, whereas MgC0
3
(s) is controlling for PC0
2 
= 10- 3•5• In 
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Fig. 3.5. Magnesium release rate at different solids 
concentrations; chrysotile at pH 8, 0.1 M KN0 3, N2 atm., 25 C. 
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left of the brucite curve of Figure 3.6. By excluding CO2 from the 
dissolution experiments, magnesite could not form. 
Chrysotile activity products have been detennined experimentally 
for periods from three months (Hostetler & Christ, 1968) to two years 
(Luce, 1969). These reflect steady-state dissolution and are not true 
equilibrium constants. Solid-aqueous solution equilibrium diagrams 
for the MgO-Si0 2-H 20 system (Hemley et al., 1977) suggest that at 25 C 
talc is the stable phase in waters with the composition like that of 
California aqueduct water. Slow reactions apparently prevent its 
fonnation over the short times (months) that fibers are suspended in 
rivers and reservoirs of the state. Fonnation of minerals other than 
those shown on Figure 3.6 was not considered, either in dissolution 
experiments or in modelling dissolution in natural waters. 
3.3.2. Electrophoretic Experiments 
Electrophoretic mobility of chrysotile was measured on 
5-10 mg/L suspensions, again at constant pH. Conditions were chosen 
to parallel those of the potentiometric experiments, but with solids 
concentration approximately 1000-fold lower. Electrolyte 
concentrations were generally 0.01 M. 
Mobility measurements were made on chrysotile suspensions aging up 
to 820 hours in 0.01 M NaCl. Duration of most experiments was from 40 
to 100 hours. In many cases more than one experiment was perfonned 
under the same conditi ons to detenni ne the reproducibil ity of results. 
The mobility of chrysotile in the presence of three low-molecular-
weight organic anions -- phthalate, oxalate, and catechol -- was 
detennined. In a typical experiment, the mobility of chrysotile at 
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Fig. 3.6. Concentration ranges observed in 
experiments compared to a) magnesium and b) 
silica solubility; broken line in each graph 
is the maximum concentration observed in the 
dissolution experiments; in most cases the 
experimental concentrations fell below the line, 
in the hatched area; solid lines show solution 
concentrations in equilibrium with appropriate solid 
phases; adapted from Stumm & Morgan (1981); magnesite 
plotted for PCO = 10-3.5. 2 
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concentrati on of organic acid was added, and mobil ity was monitored 
for 24 to 48 hours longer. The mobility of chrysotile in the presence 
of NOM was detennined in a series of experiments at pH 8. 
To distinguish the effects of dissolution and adsorption on 
chrysotile mobility, a series of experiments was carried out using 
aluminum oxide (A10x). In the absence of organic matter and at 
constant pH, the mobility of A10x is constant. Mobility changes upon 
addition of organic matter are due to adsorption, versus a canbination 
of adsorpt i on and di ssol uti on on ch rysotil e. Two organi cs, catechol 
and NOM were used in experiments with A1ox. Stock al umi num oxide 
suspensi ons for mobil ity experiments were fran 10 to 40 mg/L. 
3.3.3. Adsorption Experiments 
Adsorpti on of catechol, oxal ate and NOM were measured in 
parallel with electrophoretic experiments. Conditions were like those 
of the potentianetric experiments. As with the electrophoretic 
experiments, e1ectr~yte concentrations were generally 0.01 M. Ionic 
st rength changes in the range 0.002-0.1 M we re obse rved to not 
strongly influence NOM adsorption onto aluminum oxide (Davis, 1980). 
Stock chrysotile and alumina suspensions were 100 mg/L and 800 mg/L 
respectively. Organic concentrations were higher in the adsorption 
experiments, to maintain the same solid-to-organic ratio as in the 
mobility experiments. Batch adsorption experiments lasting up to 36 
hours were also carried out. These were at roan temperature (",25 C) 
and open to the atmosphere; pH was held constant. 
Sane initial batch experiments were done with two other organic 
acids -- salicylic and phthalic. Both adsorbed to a smaller extent 
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onto chrysotile than did either catechol or oxalic acid. Further, 
magnesium interfered with UV absorbance measurements of salicylic and 
phthalic acids even at acid pHis. 
3.4. APPARATUS 
3.4.1. Constant-pH Setup 
Two constant-pH experiments were run concurrently. Each 
suspension was in a constant-temperature (25 C) jacketed glass beaker 
under either a nitrogen or nitrogen-carbon dioxide atmosphere. Each 
beaker was equipped with either a Radiometer or Orion Ross combination 
electrode. These were connected to an Orion BOlA pH meter via an 
automatic s~itching box. In many cases the switching box was not used 
and the electrodes were connected to separate Orion BOlA pH meters. 
In most cases, radiometer ABUll autoburettes were used to add acid or 
base. For some experiments a Gilmont 2.5 ml micrometer syringe driven 
by a steppi ng motor was used. An Apple 11+ computer system recorded 
pH and controlled autoburettes. Figure 3.7 is a schematic of a 
typical setup. 
The Apple 11+ computer was equipped with a real-time clock and an 
Interactive Structures, Inc. AI13 data acquisition system, which is a 
16-channel, l2-bit, analog-to-digital converter. The recorder output 
of each pH meter was amplified and connected to a channel of the All3. 
Both the AI13 1 s and the pH meterls digital outputs were calibrated 
with standard pH buffers at the outset of each experiment. A basic 
program was used to convert the AI13 signal to millivolts, compare it 
to a predefined set point, and actuate a relay that toggled the 
Radiometer autoburettes. The latter were set to deliver a constant 
volume, 0.1 ml, each time. The stepping motors on the micrometer 
Constant 
Temperature 






Fi g, 3,7, Typi ca 1 constant-pH reactor setup; tvlO experiments 
were run concurrently by addition of a second beaker and 
autoburette. 
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syringes were controlled by an STM103 Slo-Syn transl ator module, which 
was activated by a signal of predetermined duration from the computer. 
A machine-l anguage subroutine was used to activate and sampl e the 
Al13 outputs, average 5000 conversions, and store the result. Both pH 
meters could be sampled in less than one second. Sampl ing of the 
sign~s was done at about ten-second interv~s. When a single pH 
meter was used with two electrodes via the switching box, each 
electrode was sampled for about one minute before switching. Each 
time one of the autoburettes was activated, the time of day and 
burette number were printed out. The AI13 signal was printed out at 
ten-minute intervals to enable 1 ater verifying that pH remained 
constant. In some cases one-minute intervals were used. 
Schematic diagrams of the control circuits and 1 istings of the 
computer programs are in Appendix V. 
3.4.2. El ectrophoresis 
Electrophoretic mobil ity was measured using a Rank 
Brothers (Cambridge, England) particle micro-electrophoresis 
apparatus, Mark II, equipped with acyl indrical cell and 3 mw HeiNe 
laser illuminator. The greater illumination provided by the laser 
enabled viewing chrysotile particles in the O.l11m size range; many of 
these are not visible with the Rank II's white 1 ight. The rectangular 
cell and white 1 ight were used for aluminum oxide particles. 
From 20 to 40 part icl es were timed in each s ampl e, hal f at each 
stationary level. Voltage gradients ranged from 4 to 12 V·cm-1 with 
the cyl indrical cell and from 8 to 16 V·cm-1 with the rectangul ar 
cell. Mobil ity did not depend on field strength for the cy1 indrica1 
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partiel es; a dependence at higher vol tage grad ients has been noted 
(van der Drift et al., 1979). For chrysotile, the uncertainty 
(standard deviation) for a single sample was typically less than 0.25 
~m·s-1V·cm-1 and was typically less than 0.1 ~m·s-1V·cm-1 for Alox. 
Results are reported as electrophoretic mobil ity rather than zeta 
potential. The ratio of particle radius to double-layer thickness for 
these experiments is from 10 to 15; Smoluchowski's equation should 
thus apply at the smaller observed mobil ities (Hunter, 1981). 
3.5. NATURAL ORGANIC MATTER 
Dissolved natural organic matter (NOM) was concentrated from a 
190-1 iter surface-water sample taken on December 5, 1983 from Castaic 
reservoir. Chemical analyses of water from the reservoir are 1 isted 
in Table 3.2 (west branch). The long-term average detention time for 
Castaic and Pyramid reservoirs combined is three years. The range of 
detention times resulting from demand variations and short circuiting 
have not been computed. Water from the Cal ifornia aqueduct flows by 
gravity through Pyramid and then through Castaic. At times water is 
pumped from Castaic back into Pyramid. The capacity of Castaic is 0.4 
km 3, area is 9.0 km2 and maximum depth is 100 m. Pyramid is about 
one-half of the size of Castaic. 
Water was collected in 20-1 iter plastic carbouys that had been 
rinsed success ively with 0.1 M NaOH, 0.1 M HCl and doubl e-d ist ill ed 
water. The sampling location was the California Department of Water 
Resources station 2, near the reservoir's outlet structure. Care was 
taken to avoid coll ecting water contaminated by the sampl ing boat' s 
engine. Samples were acidified to pH 2 with HCl within two hours of 
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samp1 ing and stored at 4 C. Extraction onto XAD-8 was begun the same 
day and was camp1 eted within 48 hours. 
The extraction column was 5.4 cm 1.0. and 50 cm long. 500 cm3 of 
XAD-8 that had been previously extracted in a Soxh1et apparatus and 
stored in methanol was packed. Cleanup after packing followed that 
used by Dempsey (1981). Glass wool was used as a support. The 
column, support and tubing were rinsed by recirculating 0.01 M HCl for 
2 hours, 0.01 M NaOH for 2 hours and 0.01 M HCl for 2 hours. This was 
followed by soaking overnight in methanol before packing the resin. 
All 190 1 iters of lake water were pumped through the column in a 
downf1ow mode at the rate of 6 L/hr. A Minarex variable-speed 
perista1 ic pump with si1 icon-rubber tubing was used. Other connecting 
tubing was glass. Total organic carbon (TOC) and ultraviolet 
(UV)absorbance over the range 240-300 nm in the column effluent were 
periodically monitored. 
The column was eluted by first lowering the 1 iquid level to just 
above the resin, then pumping in an upflow mode one 1 iter of a sodium 
hydroxide solution maintained at pH 10 with a Radiometer autoburette. 
This solution was recirculated at 5.4 L/hr until obvious color was 
removed from the resin. Double-distilled water was used to displace 
the final volume of eluent. 1.5 liters of 90 mg/L TOC eluent was 
recovered. It was fil tered through a 0.45 f.lm Mill ipore fil ter and 
stored in a brown glass bottle in the dark at 4 C until used. 
A titration curve for the stock NOM solution is shown on Figure 
3.8. The plotted points were determined from the c11lount of base 
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Fig. 3.8. Titration curve of stock solution of dissolved natural 
organic matter (NOM) from Castaic reservoir; 0.01 M 
NaCl used as blank. 
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NaCl under 1 ike conditions. Both solutions were adjusted to pH 2 with 
0.1 M HCl at the outset. Titration of carboxyl groups appears to be 
complete at about pH 7.5. This contrasts with the titration curves 
publ ished by Tipping (1981a) for NOM from three British lakes, where 
the infl ec tion occurred in the pH range 6-6.5. A second, small er 
inflection appears at pH 10.5. 
3.6 CHEMICAL AND ANALYTICAL TECHNIQUES 
Ultraviolet (UV) and visible absorbance measurements were made 
using a Beckman Acta CIlI. Figure 3.9 shows UV scans for various 
dilutions of the NOM stock, acidified to pH 2. Absorbance is 1 inearly 
proportional to concentration in the range 240-280 nm. Scans for 
filtered samples from the adsorption experiments, acidified to pH 2, 
were parallel to these curves. Concentrations were determined from 
three points on the scan -- 240, 260 and 280 nm. A Dohrmann DC50 
series with manual injection was used for TOC analyses. 
Reproducibil ity was generally ~ 0.5 mg/L. A Dionex ion analyzer was 
al so used for oxal ate analyses, however agreement with TOC was poor 
and standards cal ibration non-linear. A Varian AA6 atomic absorption 
spectrophotometer was used for magnesium and other cations. 
Transmission electron microscopy was done on a Phill ips 201 
equipped with selected area electron diffraction (SAED). Two 
different sampl e preparation methods were used. For qual itative 
an al yses a 0.01 ml drop of suspens ion was pl aced on a carbon-coated 
300-mesh copper grid and allowed to dry. For quantitative analyses, 
50-100 ml of suspension was filtered through a 0.1 ~m Nucleopore 
fil ter, the fiber was carbon coated, a portion of the filter was 
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Fig. 3.9. UV scans of Castaic NOM; values on each curve 
are concentration in mg C/l. 
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pl aced carbon-side down on a copper grid in a Jaffe wick washer, and 
the filter was allowed to evaporate. This is a modification of the 
U.S. Environmental Protection Agency's recommended procedure for 
determining the concentration of asbestos fibers in water (Anderson 
and Long, 1980). 
3.7. COAGULATION 
Coagul ation experiments were designed to determine the 
approximate rate at which chrysotile fibers coagulate with larger 
sil ica particles in a dilute suspension. Two different reactors were 
used -- a one-l iter pyrex beaker and a 0.9-1 iter pyrex settl ing 
column. The column was 53 cm long by 4.6 cm in diameter and was 
mounted on teflon ends. Holes were drilled in the teflon to enable 
fill ing and withdrawing sampl es. 
Two stock suspensions were prepared in 0.01 M NaCl -- 61 mg/l of 
Min-U-Sil 30 sil ica and 49 ~g/L chrysotile. A 350 ppm CO 2 atmosphere 
was maintained over both. The chrysotile suspension was made from 
dilution of an initially-prepared 3.7 mg/L solution that was 
subsequently diluted to 191 ~g/L. Size distributions of the 
chrysotile and sil ica are shown on Figures 3.2 and 3.4 respectively. 
The number concentration of sil ica particles was determined to be 
109/L by Coulter counter and 2x108/L by counting on the TEM (a). The 
lower TEM number and the TEM size distribution used in subsequent 
calculations because the Coulter counter showed a high background 
(a)The average count was 18 particles on a section of each of six 
squares of a 200-mesh copper grid; standard deviation was two per 
square. 
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count in the sample blank, suggesting that the number of silica 
particles in the smaller size ranges was overestimated due to 
contamination. 
Electrophoretic mobil ity of the sil ica in the stock suspension was 
-1.8 Ilm·s-1V·cm-1• M initial mobility measurement made on the 
chrysotile suspension showed a mobil ity of +0.7 Ilm·s-1V·cm- 1 • Because 
of the opposite mobil ities it was assumed that there would be no 
el ectrostatic barr ier to aggregation of chrysotil e with silica. 
Preliminary experiments showed qualitatively that silica particles 
did not coagul ate with each other. Chrysotil e fibers were d ifficul t 
to disperse, but once dispersed did not appreciably coagulate with 
each other. Fibers were dispersed by simultaneously sonicating and 
stirring the stock suspensions. The 49 Ilg/L suspension was prepared 
by dilution from the 191 Ilg/L suspension after it was verified by TEM 
analysis that fibers were dispersed. The 49 Ilg/L stock suspension was 
sonicated for 8-10 hours each day for four days and stirred 
cont inuousl y before be ing added to the coagul at ion reac tors. 
On the four days preceding the coagul ation experiment, 50 ml 
samples of the 49 Ilg/L chrysotile suspension were analyzed by TEM for 
total fiber count. At least 50 fibers were counted in each of six 
different grid sections. Results were very reproducible, as indicated 
in Table 3.3. The number counted was also in the range of the number 
estimated from the average particle size and specific gravity, lending 
further confidence to the TEM an al yt leal techn ique. 
The 49 Ilg/L chrysotile suspension was·split into two portions and 








Table 3.3. Total fiber count of 49 ~g/L 
chrysotile stock suspension. a 













aNumbers reported were determined from six photographs taken in six 
different grid squares of the 300-mesh copper grid; from 40-70 fibers 
were counted on each photograph, the area of which corresponded to 
approximately 4x10- 4 mm2 on the original filter. 
bSased on 1011 fibers/mg, the value calculated for average yield of 
uniform, 0.05 ~ dia. by 0.5 ~ long fibers. 
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resul ting sil ica concentration of 11.1 mg/L (3.6x107 particles/L). 
The mixed sil ica-chrysotile suspension was then spl it between the two 
reactors. The pyrex beaker was stirred continuously at a rate just 
sufficiently fast to keep particles in suspension. The column reactor 
was inverted twice daily to allow the sil ica to settle through the 
chrysotile suspension. Samples were analyzed by TEM after five days 
to determine the change in fiber concentration in suspension. A 
three-day s ampl e of the col umn reac tor was al so an al yzed. Sampl es of 
the 4.9 llg/L chrysotile suspension with no sil ica present were 
analyzed daily by TEM. 
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CHAPTER 4 
RESULTS AND INTERPRETATION OF EXPERIMENTAL WORK 
4.1 WEATHERING BY DISSOLUTION 
Th ree rel ated processes we re followed in the constant-pH 
chrysoti1e experiments -- dissolution, adsorption and surface charge 
deve 1 opment. I nte rp retat i on of the 1 atte r two was augmented by othe r 
constant-pH adsorption and e1 ect rophoret ic experiments. 
4.1.1. Surface Coordination of Inorganic Ions 
4.1.1.1. Development of Surface Charge on Chrysotile 
Results of a typical constant-pH dissolution, 
surface-charge experiment are shown on Figure 4.1. Concentrations are 
expressed per unit surface area of sol ids present and do account for 
dilution by the acid or base that was added to hold pH constant and 
for removal of sampl es. 
Figure 4.2 shows the surface-charge development for representative 
experiments done at different pH's in 0.1 M KN03 and NaC1. The 
; nitia1 24-48 hour rise could be due to slow achievement of 
steady-state proton adsorption or to slow breakup of fiber bundles 
into individual fibers. Although chrysotile is crushed to break up 
the solid cake that forms during sample preparation (section 3.1.1), 
many clumps of particles are visible in a fresh suspension. After the 
first day, a suspension looks more uniform with no large clumps 
visible. -Breakup of larger particles to expose more surface ,area 
shoul d resul tin a greater total proton uptake, whi ch woul d gi ve a 
greater calculated surface charge. The decrease at longer times is 
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Fig. 4.1. Results of typical constant-pH dissolution 
experiment; pH 8, 10 giL chrysotile, 0.1 M NaCl, N2 atfll., 
25C; primary data and calculations are shown in Appendix II; 
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Fig. 4.2. Surface charge in constant-pH, dissolution 
experiments; 10 giL chrysotile, N2 atm., 25 C, 0.1 M 
a) KN03, b) NaCl; pH values from 7 to 10. . 
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outer brucite sheet and accompanying exposure of underlying >SiO-
sites on the surface. 
The average surface charge at longer times (72-120 hours), shown 
on Figure 4.3, is zero at pH 8.9. Differences in the observed surface 
charge in KN03, NaCl and Na 2S04 media are small, suggesting that 
either the ions present interact similarly with the surface or the 
interaction is too weak to be observed at these concentrations. 
Different ions are expected to complex more or less strongly with the 
surface, as discussed in section 2.1.3. For exanple, the constants in 
Table 2.2 suggest that for 0.1 M S042- at pH 8, most magnesium should 
be present as a MgS04 complex; whereas MgCl+ accounts for less than 
half of the magnesium at pH 8 in 0.1 M Cl-. As noted in Table 2.2, 
the equil ibrium constant for MgS04 is 20 times that for MgCl+ (log K 
of 2.28 vs. 0.91) and there is no evidence of a M9N03+ complex. The 
1 ack of observed difference pl us the 1 ack of difference in surf ace 
charge for a 0.01 M versus 0.1 M S042- solution suggests that 
inorganic anion-surface interactions are weak. In the absence of 
+ adsorption of ions other than Hand OH- the species contributing to 
surface charge are given by (2.4) and the pH iep is equivalent to the 
pHzpc • 
4.1.1.2. Estimation of Surface Equil ibrium Constants 
From a least-squares fit to the data and for the 
s initial surface assumed to be entirely magnesium hydroxide, pKal is 
estimated to be near 7.7, with no systematic differences apparent 
between the three electrolytes NaCl, Na 2S04 and KN03 (Figure 4.4). 
The corresponding constant capacitance from this fit is 4.8 CjV cm 2). 
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Fig. 4.3. Surface-charge at longer times (72-120 hrs.) 
in constant-pH, dissolution experiments as a function of 
pH; points for NaCl and KN03 are taken from Fig. 4.2. 
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(2.4) together, taking the initial surface to be 10 percent sil ica (90 
percent magnesium hydroxide), and given a pHzpc of 8.9, a better fit 
to the data is obtained using PKal
s = 8.0, PKa2
s = 10.0, pKas
s = 7.5 
and C = 4.0 C/V cm2• These values were arrived at by iteration and 
are used in the interpretations of dissolution rate data that follow. 
Lines with the same slope as these best-fit 1 ines for PKal
s and PKa2
s 
are also plotted on Figure 4.4. These 1 ines are not directly 
comparable to the plotted points, as the points are based on an 
initial magnesium hydroxide surface and the 1 ines are based on a mixed 
magnesium hydroxide-sil ica initial surface. The relation derived in 
prel iminary experiments for brucite, which suggests a capacitance of 
3.1 C/V cm2 and a lower PKa2
s (9.6), is also shown. The latter 
experiments were IIfast ll titrations and are described in Appendix IV. 
The calcul ated rel ation of pH vs based on the above constants is 
shown on Figure 4.3. The model describes observations best near the 
pHZpC and deviates most at high pH. The fit could be made better by 
using different capacitances above and below the pHzpc ' which would 
add one more fitting parameter to the model. As is apparent from the 
data of others, the charge-potential relations on metal-oxide 
amphoteric surfaces may be quite different above and below the pHzpc 
(Hohl & Stumm, 1976; Kummert & Stumm, 1980; Sigg & Stumm, 1981). 
4.i.2. Dissolution of Chrysotile 
4.1.2.1. Dissolution Stoichiometry 
The different ex ten ts of magnes ium and s il ic a 
released into solution in the presence of the four inorganic anions 
studied are shown on Figure 4.5. Resul ts for the two organic anions 
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Fig. 4.5. Extent of magnesium (Mg) and s il i ca (5i) release from 
chrysotil e in various electrolytes; KN03 and NaCl were 0.1 M, 
NaHC03/NaN03 was at. fi xed' PC02 = 350 ppm; 10 giL chrysotile, N2 atm. , 
25 C. 
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studied are shown on Figure 4.6. The more rapid magnesium release 
during the first few hours of each constant-pH experiment has two 
possible expl anations. First, it could be due to preferential 
dissolution of fine-grained impurities and dissolution at surface 
discontinuities. These discontinuities resul t in part from the 
grinding done during sample preparation causing dislocations in the 
crystal structure; these dislocations yield "higher-energy" surface 
sites, more accessible to proton attack. Discontinuities may also be 
present in the parent mater ial, before sampl e preparation. For 
feldspars and pyroxenes, it has been shown that a steady-state 
dissolution rate occurs essentially from the outset of dissolution in 
pre-weathered (washed, HF-etched) material. That is, removal of 
higher-energy surface sites in a prior step yields a more homogeneous 
starting material. Using freshly-ground material, feldspar and 
pyroxene dissolution rates are initially high and decl ine to 
steady-state after about fiv"e and 20 days respectively (Holdren & 
Berner, 1979; Schott et al., 1981). The same effect has been observed 
on -A1 203 (Stumm et al., 1983). 
Second, the initial release could reflect rapid dissolution of a 
portion of a uniform outer brucite layer. The initial rate is 
approximately 1000-fold faster than the constant magnesium release 
rate that occurs after the first day. Sil ica dissolution occurs at a 
constant rate essentially from the outset. This initial rate for 
magnesium release from chrysotile is of the same order of magnitude as 
that for bruc ite d issol ution (Figure 4.7). The gradual decl ine in 
rate could in part reflect a decrease in the total number of surface 
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magnesium sites as well as a decrease in the number of higher-energy 
sites. Ex trapol at ing the 1 inear port ion of eac h magnes i urn curve to 
the initial time gives an estimate of the number of magnesium surface 
sites initially removed. Intercepts range from 0.05 to 0.35x10-9 
mol/cm2, or approximately 5-15 percent of the total number of surface 
sites. 
Al though the actual composition of the outer surface (fraction 5m 
vs. 5s ) was not known at the outset, the magnitude of the surface 
charge observed and the small anount of Mg2+ dissolved during sampl e 
preparation (section 3.1.1) suggest that 5m > 5s initially. Thus the 
apparent small shift in surface composition could not account for a 
1000-fold decl ine in dissolution rate. The decl ine must then be due 
to removal of higher-energy sites created during sample grinding. The 
f ac t that s il ic a rel ease is 1 inear from the outset supports thi s 
conclusion. 
Chowdhury and Kitchener (1975) observed preferential release of 
magnesium from chrysotile at broken fiber ends or places where fiber 
bundles were danaged. This direct, al though qual itative, observation 
further suggests that the more rapid initial dissolution is due to 
surface discontinuities. 
On the average, the ratio of mol ar magnesium to sil ica rel ease 
rates is about 2.0 over the pH range 7-9, versus the 1.5 molar ratio 
in the sol id. This suggests that the outer surface, initially 
magnesium hydroxide, becomes more sil ica-l ike with aging time in 
water. In con~rast, dissolution behavior reflecting magnesium, iron 
and sil ica molar ratios in the sol id was observed for other sil icate 
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minerals, including 01 ivine (Grandstaff, 1980), faya1 ite and bronzite 
(Schott & Berner, 1983) and diopside and trenolite (Schott et a1., 
1981) Dissolution of three other layer si1 icates -- antigorite, talc 
and ph10gophite -- over several weeks also showed magnesium being 
released at a faster rate than silica (Lin & Clemency, 1981). 
The shift from a magnesium hydroxide to sil ica surface should 
resul t in a gradual decrease in the rate of magnes ium rel ease from 
chrysotile and an increase in the rate of sil ica release. Eventually 
the dissolution rates for the two components should converge to a 
steady-state ratio of 3:2 for Mg:Si and the surface composition should 
remain constant. This was not observed in any of the five-day 
dissolution experiments. 
4.1.2.2. Comparison with Brucite Dissolution 
Magnesium is released from brucite at a rate that 
is 1 inear from the outset (Figure 4.7). Resul ts from two different 
natural sampl es are plotted. There is 1 ittl e pH effect over the range 
7.5 to 8.5, but the Gabb brucite dissolved about 5-fold faster than 
did the Lodi brucite. This difference is though to be due to using 
different reactors and different stirring rates in the two sets of 
experiments, as brucite dissolution is thought to be diffusion 1 imited 
in this pH range (Vermilyea, 1969). The strong dependence on reactor 
design for diffusion-l imited dissolution has been noted by others 
(Sj~berg & Rickard, 1983). 
The observed brucite dissolution rates are about 1000-fold greater 
than the rates for magnesium release from chrysotile, very 1 ikely dl:le 
to the stronger binding of Mg2+ to the sil ica tetrahedra in 
chrysot il e. 
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4.1.2.3. pH Dependence of Chrysotile Dissolution Rate 
The rate of release of magnesium from chrysotile 
decreases at higher pH. At pH 10 the solution is near saturation 
with respect to magnesium hydroxide, resulting in a low driving force, 
or affinity for dissolution. At pH 11 it is above saturation. At pH 
9.5 the solution is 10 percent of saturation, at pH 9 it is about 3 
percent and at pH 8 about 0.04 percent (Figure 3.6). At the lower 
pHis the solution is far from equil ibrium and the affinity of the 
dissolution reaction is 1 arge. Far from equil ibrium the rate of a 
chemically-controll ed d issol ution reaction is assumed to be 
independent of the magnitude of the affinity (Dibble & Tiller, 1981). 
Rather, the rate is a function of the concentration of a distinct 
reactive surface species (eqn. 2.20-2.21). 
The apparent rates from Figure 4.5 are shown as a function of pH 
on Figure 4.8. Following (2.28), the resulting rate law for release 
of magnesium into solution is: 
(4.1) 
The constant kll depends on the dissolution mechanism, the specific 
surface area of the sol id and the charge-poten ti al rel ation at the 
surface. These three factors are assumed to not vary significantly 
over the pH range 7-10 of the experiments. 
Figure 2.3 shows that below the pHzpc ' the dominant charged 
species on a magnesium-hydroxide surface is >M9-OH 2+ Equation 2.27 
gives an approximation for the concentration of this species in terms 
of [H+J. For the observed change in a with pH (Figure 4.3), the 
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or less than one surface >MgOH2+ group is formed to release one Mg2+ 
ion into solution. 
Data for silica release during chrysotile dissolution in 0.1 M 
KN0 3 are also shown on Figures 4.5, 4.6 and 4.8. The rate increases 
from pH 8.5-11, but also increases below pH 8.5. For dissolution of 
vitrous sil ica, the rate decreases from pH 10 down to pH 6 (Wirth and 
Gieskes,1979). At the lower pH (7.0-8.5) in the chrysotile system, 
sil ica release follows more closely the magnesium release rate. This 
is consistent with Mg 2+-eatalyzed dissolution of sil iea; however no 
such enhancement has been observed in previous sil iea experiments 
(Wirth & Gieskes, 1979). Taken as a whole, the sil ica data show no 
significant pH dependence. 
4.1.2.4. pH Dependence of Initial Magnesium Release 
A second observed pH effect was on the initial 
extent of magnesium release into solution, or the "intercept" referred 
to in section 4.1.2.1. In going to lower pHis, the Mg-release curves 
of Figure 4.5 have both a greater slope and and a greater initial rise 
during the first day of each five-day experiment. Figure 4.9 
illustrates this increase, characterized by the zero-time intercept of 
the straight-l ine portion of the curves. 
Considering that hydrogen-ion concentration changes by 1000-fold 
in going from pH 10 to pH 7, the change in intercept is small -- about 
a factor of three. The change is systematic, however, and may reflect 
an initial diffusion limitation on dissolution at certain 
higher-energy surface sites. This suggestion is consistent with the 
slow ('V 20 hrs.) achievement of a steady-state charge due to proton 
adsorption apparent on Figure 4.2. Surface charge may reach a 
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Fig. 4.9. Effect of pH on initial extent of magnesium 
release from chrysotile; intercepts calculated from 
Fig. 4.5 data, with slopes given by Fig. 4.8. 
102 
steady-state value only after higher-energy sites have been dissolved 
away by proton attack. 
The increase in intercept and initial slope at lower pH suggests 
that dissolution at the higher-energy surface sites is more pH 
dependent than dissolution at the more-predominant. lower-energy 
sites. The higher-energy sites at edges or dislocations are 
1 ess-tightly bound in the crystal and may adsorb protons to a greater 
extent and dissolve via an activated complex involving a single 
proton. Lower-energy sites may involve either coordination of a 
single proton or attack by H20 dipoles to form an activated complex. 
The latter has been suggested as a mechanism for feldspar dissolution 
at neutral to alkaline pH (Aagaard & Helgeson. 1982). 
These cons iderations suggest that a s ingl e-term rate express ion of 
the form of (2.21). where a single type of surface complex controls 
the overall reaction rate, is a greatly simpl ified view. These 
experimental data for the hetrogeneous chrysotile surface do not yield 
information concern ing the nature of the activated compl ex, but do 
suggest that a proton is involved. The rate expression (2.25) is a 
further simpl ification of the species involved. 
4.1.2.5. Effect of Inorganic Ions 
The effect of solution electyrolyte on dissolution 
at pH values from 7-9 is illustrated on Figure 4.10. The differences 
in magnesium release rates in all four media are small. There is a 
small apparent enhancement in initial extent of dissolution in going 
from N03- to Cl- to S04
2- as supporting anion. This is consistent 
with the relative tendency of these 1 igands to form solution complexes 
with magnesium (Table 2.2), suggesting that inorganic electrolyte ions 
o.~ 
'" e 
'" ..... 0.3 
,j 
e 
~o . .: 






~ [', 3 
.j 
E 








:J '<NO J 
• NaC I 
20 40 60 
0 '<NO) 
• N" ( I 




... ~~2SC .. 
:.J '<NO) 
• N a ( I 
to N:HCOl/NaNCl 
... ~~~SO .. 
I 
60 







































• N c ( I 
0 '<NO) 
x N a ( I 
to NaHCO)/NaNO) 
















e .., - ..... 
,j O. I 
e 
- ':' 0 

























80 10e 12C 
5i 
pH 9.0 
Fig. 4.10. Extent of chrysotile dissolution in different inorganic 
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rather than by pH. 
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have a small but perceptible tendency to form compl~xes at the 
magnesium hydroxide surface. 
Figure 4.9 also illustrates the sl ight enhancement in initial 
magnesium release in going from N0 3- to Cl- to S04
2-. The presence of 
an effect only early in the d issol ution suggests that 1 igand attack is 
more important at the higher-energy surface sites. The oversimpl ified 
nature of (2.21) is further reinforced by the small but perceptible 
anion effect. Two ions not studied in this work, F- and P04
3-, were 
shown previously to enhance the initial ( 60 min.) dissolution of 
magnesium from chrysotile to a greater extent at pH 7.0 than did 
S042-, Cl- or N03- (Gupta & Smith, 1975). The effects of HC0 3 are 
mixed (Figure 4.9), but generally are greater than for N03- and Cl-. 
The effect of anions on sil ica release is ambiguous, there being 
an S042- inhibition at pHis 8.0 and 9.0, but a possible enhancement at 
pH 8.5. As noted above, parallel reaction pathways for sil ica release 
in the presence of complexing- cations as well as possible interfering 
an ions precl ude postul ating a rate 1 aw or mechan ism. 
Changing the 5°42- or N03- concentration from 0.01 to 0.1 M at pH 
8-8.5 had no significant effect on release of either magnesium or 
sil ica in these experiments. This is consistent with observations by 
others. The effect of ionic strength (a.a1-a.3 M KC1) on the rate of 
release of sil ica from diopside and enstatite was negl igible (Schott 
et a1., 1981). Ionic strength effects (0.1-3.5 M NaC1) for 
dissolution of vitreous sil ica (pH 6-10) were apparently due to 
changes in surface charge, or OH- adsorption, brought about by the 
higher electrolyte concentrations (Wirth & Gieskes, 1979). 
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4.1.2.6. Effect of Low Molecul ar Weight Organic Ions 
As the data on Figure 4.6 suggest, catechol and 
oxalate have no strong systematic effect on the release rate of 
magnesium from chrysotile. This is further seen on Figure 4.11 where 
rates are plotted as a function of pH. There is a small but 
systematic increase in the initial extent of dissolution in the 
presence of increasing concentrations of these organics at constant pH 
(Figures 4.12 and 4.13); the effects of ox~ate and catechol are 
comparable. Because oxalate forms a stronger solution complex with 
magnesium than does catechol in this pH range (Table 2.2), it was 
predicted that oxalate would enhance dissolution to a greater extent. 
Using photoelectron spectroscopy (XPS), Thomassin, et al. (1977) 
observed no difference in chrysotile dissolution rates in 0.01 N 
versus 0.1 Noxal ic ac id. This 1 ed them to concl ude that d iffus ion of 
oxalate ions to the particle surface did not control reaction rate. 
Subsequent experiments showed a difference in initial dissolution 
rates, involving complete dissolution of the surface layer, for 0.1 N 
versus 10-4 Noxal ic ac id (Thomass in et al., 1980). This difference 
may simply refl ect the changes in pH. It is concl uded that in 
general, the presence of oxalate at the surface has no effect on 
chrysotile's dissolution rate. Simil iarly, phthalate had no effect on 
the dissolution rate of enstatite, diopside or tremol ite in the pH 
range 1-6 (Schott et al., 1981). 
In contrast to the observed 1 ack of effect for magnesium rel ease 
from chrysotile, dissolution of6-A1 203 was reported to follow a 
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+ 3 r = kH {>Al-OH2 } + k\bAl-U + k\bAl-LH} + ••• (4.2) 
This rate law was appl ied in the pH range 2.5-6 in the presence of 
ox~ate, sal icylate, citrate and benzoate. Grandstaff (1977) measured 
01 iv ine d i ssol ut ion rates over 8 days in the presence of vary ing 
concentrations of phthal ate and EDTA and fit data to the general 
expression: 
(4.3) 
In the presence of 0.001 M 1 igand and at pH 4.5, the relative 1 igand 
effect on dissolution rate decreased in the order: 
EDTA .~citrate > oxalate> tannic» succinate> phthalate> 
acetate ~ Cl-
Dissolution was strongly dependent on the organic anion concentration 
and in the absence of org an ics was s trongl y pH dependen t over the 
range stud ied (3-5). 
These two expressions -- (4.2) written in terms of surface species 
and (4.3) written in terms of the observable solution concentrations 
-- are compatible descriptions of hydrogen-ion and 1 igand catalyzed 
dissolution. 
Catechol had a sl ight enhancing effect on sil ica release at pHis 8 
and 8.5, but the effect is mixed at pH 7.5. Catechol can complex both 
sil ica 'and cations and is known to enhance sil ica d issol ution in 
neutral to sl ightly-alkal ine solutions but inhibit dissolution in 
more-al kal ine sol utions (11 er, 1979). The nature of the catalytic 
effect is uncertain. Oxalate inhibits sil ica release with increasing 
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pH over the range 7.5-8.5. Oxal ate should adsorb to >Mg-OH rather 
-
than >Si-OH surface sites and thus not directly affect sil ica release. 
The inhibiting effect may be due to the more negative surface charge 
resulting from oxalate adsorption with an accompanying decrease in OH-
concentration near the surface. 
4.2. RELATION BETWEEN ADSORPTION OF ORGANIC MATTER, DISSOLUTION 
AND SURFACE CHARGE 
It is generally assumed that simple anions adsorb to oxide 
surfaces by 1 igand exchange with surface >M-OH and >M-OH2+ groups 
(Schindler, 1981). At constant pH a Langmuir isotherm is typically 
used to descr ibe an ion- adsorpt ion data. As part of a more general 
surface model (eqn 2.1, 2.2, 2.4 and 2.8), a pH-independent relation 
of the fonn: 
*K s = a { >M-HA} 
is typically used (Stumm & Morgan, 1981). 
(4.4) 
Chrysotile was dissolving throughout the experiments and did not 
reach solubil ity or adsorption equil ibrium over the times studied. 
Adsorption data are therefore interpreted in terms of a simple 
Langmu ir adsorpt ion equat ion and are not incorporated in to the general 
surface model that rel ates extent of adsorption to surface charge. 
The quasi-equilibrium interpretations that follow enable making 
relative comparisons between extents of adsorption and magnitudes of 
surface charge for different organics and at different pHis and 
organ ic-to-surface ratios. 
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4.2.1. Adsorption 
4.2.1.1. Catechol Adsorption Density 
The amount of catechol adsorbed to both 




was obse rved to increase du ri n9 the fi rst 15-36 
hours of constant-pH adsorption and dissolution experiments (Figure 
4.14). For canparison, the observed relations at 21 hours are used. 




1 + CK (4.5) 
giving the results shown on Figure 4.15 for catechol on chrysotile. r 
is the extent of adsorption or adsorption density and can be expressed 
in both mass (mg/cm2) and molar (mol/cm2) units; rm is the maximum 
adsorption density, expressed in the same units. C is the solution 
concentration of adsorbate, expressed in the corresponding mass (mg/L) 
or molar (mol/l) units; K is the adsorption equilibrium constant, or 
affinity for adsorption, and has units of reciprocal concentration. 
It should be recogni zed that the chrysotil e-organic systems are 
not in equilibrium and thus the Figure 4.15 plots are not equilibrium 
isotherms; rather the fitted curves provide a convenient means of 
canparing the extents of adsorption under different conditions. As 
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Fig. 4.14. Batch adsorption experimental results for catechol 
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Fig. 4.15. Adsorption isotherms for adsorption of catechol 
onto chrysotile after 21 hours equilibration at const~nt pH; 2 
data from Fig. 4.14; curves from Fig. 4.16 (0.1 x 10- mol/cm = 
0.6 ion/nm2 = 7.2 x 10-6 mg/cm2); pH values, 7.5, 8.0 and 8.5. 
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curves would result fran using the 13-hour versus 22-hour versus 
36-hour results. The constants r m and K were determi ned as shown on 
Figure 4.16. The average intercept of the plots for chrysotile 
(Figure 4.16) yields a f m value of 0.73 x 10-9 mOl/cm2 , which 
corresponds t04.4 ion/nn2 • or about one third that of Sp the 
estimated surface hydroxide site density. This is in the same range 
as the estimated maximum density of H
2
0 or OH- exchangeable groups of 
0.5x10-9 mol/cm2 on the similiarly-shaped geothite particles (Tipping, 
1981). The curves shown on Figure 4.15 use the individual values of 
fm• However, there would be 1 ittle difference in thei r shape usi ng 
the average fm along with corresponding fitted Kls. Given the limited 
range of data, no attempt is made to fit a pH-independent relation of 
the form of equation (4.4). 
The increase in affinity for catechol at higher pH is consistent 
with the predicted increase in magnesium-catechol canplexation in 
solution at high pHis (Figure 4.17). For stronger acids such as 
oxalic acid (Figure 4.17), no change in solution canplexation over the 
pH range 6-9 is predicted. The greater catechol adsorption in going 
fran pH 7.5-8.5 could be due to adsorption on >Si-OH as well as >Mg-OH 
surface sites. As noted above, the catechol enhancement of sil ica 
dissolution at neutral to slightly-alkaline pH is consistent with the 
greater observed catechol adsorption in this pH range. In terms of a 
Langmui r relation, the affinity (K) for anion adsorption should 
decrease at higher pH due to greater electrostatic repulsion ,fran the 
lower surface charge, and the maximum adsorpti on density should 
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...- 0.50 u 
cd: O ...... Mg a::: 
lL.. 0.25 0-0 
0 














-- --.:IT--- --- ---








Fig. 4.17. Speciation of catechol and oxalate 
with magnesium in solution; equilibrium constants 




binding of catechol to both >Mg-OH and >Si-OH sites could explain why 
the results on Figure 4.17 are counter to this. 
Effects of catechol and oxalate adsorption were also measured in 
the dissolution experiments described in section 4.1.2.6. The amounts 
of each adsorbed showed a general increase with time over the five 
days of each experiment (Figure 4.18). At the lower catechol 
concentration (0.001 M), adsorption density falls at the lower end of 
the Figure 4.15 isotherm. For the higher concentrati on (0.01 M), 
adsorption density and solution concentration are above that reported 
on Figure 4.15. The observed adsorption densities in the dissolution 
experiments are consistent with the Figure 4.15 curves, however. 
4.2.1.2. Adsorption of Oxidized Polymers of Catechol 
At longer times the UV absorbance peak for catechol 
was observed to broaden as well as become smaller in magnitude (Figure 
4.19). This was accompanied by a darkening in color of the 
suspensions. The initially-clear catechol-chrysotile suspensions 
became darker in color with aging time and became very black after 
several days. Catechol solutions aged without chrysotile present 
remained much clearer when kept at pH 2 but became colored, although 
more slowly, when allowed to age at near neutral or higher pH. No 
attempt was made to exclude trace amounts of oxygen from the 
nitrogen-carbon dioxide gas mixture used in these experiments. It is 
known that reaction of oxygen with mono- and polyhydric phenols, 
especially in alkaline media, gives rise to dark-colored, very complex 
mixtures of poorly defined products (Mihailovic & Cekovic, 1971). In 
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Fig. 4.18. Adsorbed amount as a function of time in the 
dissolution experiments; conditions noted on Figure 4.6; 
estimated surface site density of adsorbable surface sites 
is 2 x 10-9 mol/cm2. Catechol measured by UV and oxalate 
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Fig. 4.19. UV scans for catechol remaining in solution 
in dissolution experiments; conditions noted on Fig. 4.6; 
times from 0 to 120 hours. 
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reactor to maintain a constant pH. This is consistent with a reaction 
of the fonn: 
~OH 
VOH 
The o-quinone products may then react further to fonn canplex 
(4.6) 
humic-acid type polymers as the main products (Musso, 1963). The 
broadeni ng of the peak for catechol ; n the presence of manganese oxide 
was cited by Stone (1983) as evidence for oxidative polymerization of 
catechol. 
The darkening of the suspension and broadening of the UV 
absorbance peak is enhanced in the presence of the chrysotile surface. 
This effect could reflect reduction of Fe(III) impurities in the 
chrysotile. No attempt was made to confi nn this, but it is known that 
Fe(III) does oxidize phenols (Mihail ovic & Cekovic, 1971). 
Alternately, adsorption of catechol at >Si-OH or >S;-O- sites, with 
the accanpanyi ng higher local OH- concentrati on, could enhance the 
oxidation by either i ron or molecular oxygen. 
The apparent increased adsorption of catechol at longer times, 
evident on both Figures 4.14 and 4.18, is then the result of two 
effects. First, adsorption of polymerized species, of higher 
molecular weight than catechol, at constant molar adsorption density 
results in a greater removal of organic material frOll solution. 
Second, adsorption density was inferred frOll the reduction in UV 
absorbance peak at .\ = 256m. A porti on, though not all, of the 
121 
reduction in peak magnitude was associated with polymerization in 
solution -- polymerized species cause a broadening of the peak. 
Two measurements of the amount of catechol that could be desorbed 
fran the chrysotile at pH 12 showed recoveries of at least 50 percent 
of that missing fran solution. Concentrations were too low to confinn 
by TOe and there was a substantial broadeni ng of the absorbance peak 
of the desorbed catechol, probably due to increased oxidative 
polymerization at the high OH- concentration in the desorption 
suspensi on. 
4.2.1.3. Oxalate Adsorption Density 
Oxalate adsorption also exhibited a gradual 
increase with time in the dissolution experiments. The adsorption 
densities, up to approximately O.6x10-9 mol/cm2 are slightly less than 
those for catechol. In studyi ng the adsorpti on of oxal ate and 
benzoate onto goethite, Parfitt et al. (1977) observed equilibrium 
within two hours and one week, respectively. Oxalate adsorption was 
near zero at pH 8 and increased to 110 J.1ll1ol/g (f\.,O.lxlO-9 mOl/cm2 ) at 
pH 4.2. Oxalic acid is a COOlmon plant acid and is found to persist in 
soils. Similiarly, oxalate adsorption on gibbsite dropped off fran 
20-30 l1mol/g (f\.,0.05x10- 9 mOl/cm2) at pH 5 to near zero above pH 7 
(Parfitt et al., 1977a). At low solution concentrations, oxalate 
adsorbed as a bidentate 1 igand, but only to edge sites of the 
gibbsite. Relative concentrations of edge and face >Al (OH)(OH 2) sites 
were estimated to be 60 and 2000 l1mol/g respectively. Oxal ate appears 
to adsorb more strongly onto chrysotile than onto either gibbsite or 
goethi te. 
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4.2.1.4. Adsorpti on of Other Organics 
The ability of chrysotl1e to adsorb a variety of 
other organics has been studied in connection with manufacturing 
asbestos products (Novak. 1953a; Hodgson. 1965; Pundsack & 
Reimschussel. 1967) and health-related studies (Schnitzer. 1974; 
Morgan et al.. 1977; Desai & Richards. 1978; Valerio et a1.. 1979). 
For example. adsorption of Aerosol OT (dioctyl ester of sodium sulfo 
succi nate) to chrysotil e freshly suspended in water i nvol ves 
chemisorption of its polar head to the surface~ making the fiber 
organophil ic. 
. -9 2 
Surface coverage is O.3x10 mol/cm for one monolayer 
(Otouma & Take. 1975). In general. it has been observed that organic 
anions with hydroxyl and carboxyl groups readily adsorb to the 
positively-charged chrysotile surface and disperse fibers. Long-chain 
organics with multiple functional groups adsorb to the greatest 
extent. In health-related studies. it has been observed that 
positively charged (uncoated) fibers react to a much greater extent 
with body cells and membranes than do negatively charged (organic 
coated) chrysotile fibers (Light & Wei. 1977). 
4.2.1.5. Adsorption of Natural Organic Matter 
The amount of natural organic matter (NOM) adsorbed 
to chrysotile at pH 8 reached a steady value after about 20 hours; 




showed no systematic difference fran 
1.5 to 26 hours (Figure 4.14). The latter is consistent with results 
of Davis (1980). who reported that in a 72-hour experiment. adsorption 
of NOM extracted fran Lake Urnersee sediment onto Y-A1 203 at pH 5 
reached a constant value after Qbout one hour. For adsorption of 
aquatic humus onto iron oxide. Tipping (1981) observed constant values 
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within 116 hours. Figure 4.14 shows the extent of NOM adsorption as 
measured by UV absorbance. The NOM data can also be fit to a Langmuir 
equation, as shown on Figure 4.20. The maximum adsorption density of 
26xl0-6 mg C/cm2 on chrysotile is approximately 50 percent of the 
equivalent mass value for catechol (53xlO-6 mg c/an2). 
At most "'60 percent of the NOM was removed fran solution in the 
ch rysoti 1 e-NOM expe riments and rv 40 pe rcent in the Alox-NOM 
experiments, versus the rv33 percent removal for canparable surface 
1 oadi ngs in the system studied by Davis (1982). The apparent amounts 
-6 -0 adsorbed in these three cases are approximately 8x10 , 5xl0 ,ann 
3xl0-6 mg C/an2 respectively. At ten-fold lower surface loadings (rv 
-6 ? 0.5xl0 mg C/cm- adsorbed) Davis observed over 50 percent NOM removal 
at pH 8 and a maximum removal of rv 66 percent at pH 5. Tipping (1981) 
observed fran 10 to 30 percent removal of aquatic humus in the 
presence of goethite at pH 8 and fran 50 to 90 percent removal at pH 
5. The amounts adsorbed were in the range of 3-9 mg humics/g (rv 
-6 2 20-60xl0 mg/cm) at pH 8. The humic mater1d1 was 50-60 percent 
carbon. In estuarine studies, Hunter found that a relatively constant 
and signlficant fraction of terresteria1 NOM 1S surface active --
defined in this case as being adsorbable at the mercury-solution 
interface (Hunter, 1983; Hunter & Liss, 1982). 
The f ract i on of NOM removed fran sol ut ion (ads orbed) in the 
current experiments is at least as much as that observed by those 
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Fig. 4.20. Adsorption isotherms for adsorption of catechol 
and NOM onto chrysotile at pH 8 after 20-21 hours 
equilibration; catechol curve from Fig. 4.15, conditions 
noted on Fig. 4.14. 
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Results of these adsorption experiments are consistent with three 
pOints that have been recently suggested by other studies. First, 
because of the high surface loadings, changes in suspended particle 
concentration over at least one to two orders of magnitude will have 
little effect on the amount of NOM in a water. For example, it is 
observed that dissolved NOM is conservative in the mixing of rivers 
into estuaries, a situation where certain inorganic colloids such as 
iron that are stabilized by NOM are removed by coagulation and 
sedimentation (Hunter, 1983). 
Second, the surfaces of suspended and colloidal material in 
natural waters are almost canpletely covered with NOM (Hunter, 1980; 
Davis, 1982; Baccini et al., 1982). This is expected, as a high 
fraction (""30-60 percent) is adsorbable and molar adsorption 
densities for model organics are high. On sane solids, only a fraction 
of the surface offers strong adsorption sites. For example, only the 
edge sites of gibbsite adsorb fulvics at pH ~ 7, with face sites 
contributing to adsorption at lower pH; soil fulvic acid is adsorbed 
onto gibbsite and goethite by a ligand-exchange process (Parfitt et 
al.,1977b). The adsorption densities in the current work are 
sufficiently high to suggest that NOM adsorpti on occurs over most of 
the chrysotile surface. It was noted above that the r m for catechol 
corresponds to one molecule per three surface >Mg-OH groups, and that 
at pH 8, r for NOM is about 50 percent that for catechol. m 
Third, material actually adsorbed may be only the most active or 
most-strongly canplexing. Perdue and Lytle (1983) showed that proton 
and copper binding by aquatic humus can be modelled by a Gaussian 
distribution of binding sites. Preferential bindi"ng of the most 
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reactive NOM may selectively concentrate other species such as 
dissolved cations at the particle surface. 
The pH dependence of NOM adsorpti on was not measu red in these 
experiments. Adsorption is reported to increase with decreases in pH 
in the range 5-9 for goethite (Tipping, 1981a; Parfitt et al., 1977b} , 
gibbsite (Parfitt et al., 1977b) and y-aluminum oxide (Davis, 1982). 
This is consistent with carboxyl or hydroxyl acid groups in the NOM 
bi ndi ng to the oxide surface. 
4.2.2. Adsorption and Surface Charge 
Natural particles in both freshwater and seawater are 
observed to have a fai rly uniform, negative mobil ity due to adsorpti on 
of NOM. In seawater, the magnitude of the mobility decreases with 
increasing ionic strength due to canpression of the electrical double 
layer (Hunter, 1980). In California freshwaters ionic strengths are 
too 1 (JW to have an appreciable effect on mobil ity. The primary 
variables are pH and concentration of canplexing cations. 
4.2.2.1. Chrysotile Surface Charge in Inorganic 
El ect rol ytes 
The positive to negative shift in mobility of 
chrysotile particles aging in a non-binding electrolyte at constant pH 
is illustrated on Figure 4.21. This shift occurs as the surface 
becanes more silica-like and less brucite-like due to preferential 
release of magnesium during dissolution. Qualitatively similiar 
behavi or was observed for chr~sotile suspended ina pH 4. acetic acid 
solution, with the mobility going fran +2.3 to -0.4 in 80 hours 
(Chowdhury & Kitchener, 197§). At pH 6.8, the change was fran +2.3 to 









Fig. 4.21. Mobility of stock chrysotile suspension; solids conc. 
10.0 mg/L, 25 C, 0.01 M NaCl, 350 ppm C02 in N2 atm., pH 8.0. 
128 
magnesium, so the charge reversal was apparently due to diss~ution 
rather than adsorption. In other experiments where pH was not held 
constant but allowed to change as the particle dissolved, the pH. in 
lep 
water dropped from 11 to 9 over 70 days (Smith & Trivedi, 1974). 
Freshly-suspended, natural-chrysotile samples fran different sources 
also frequently exhibit widely-varying mobilities, reflecting 
differing ratios of outer brucite to outer silica area (Erkova et al., 
1981). 
Part of the negative charge observed during aging could be due to 
readsorption of dissolved H
3
Si04- ions at >Mg-OH surface sites. 
However, the data of Ahmed (1981) suggest that silicate concentrations 
below those needed to precipitate silica fran solution (10- 3•5 ) have 
little effect on chrysotile mobility. The silicate to chrysotile 
ratio in his work was not reported. Dissolved silica concentrations 
in the current experiments are on the order of 10-6 M, based on the 
above-reported dissolution results. This suggests that the surface 
charge will not be appreciably affected by dissolved silica. 
Dissolved silica in the east branch of the California aqueduct 
averages about 13 mg/L and is about 14 mg/L in the west branch (Table 
3.2), or about 10- 3•65 mol/L. Two observations suggest that this 
concentration is below the level needed to affect the surface charge. 
First, the mobilities reported by Ahmed for up to two hours aging 
indicate charge reversal (Above pH 6) in going fran 10-3 • 3 to 10-3 •0 M 
silica; only a one-unit change in mobility (+3 to +2) was reported in 
going fran 10-5 •0 to 10-3 • 3 M silica at pH 8. Second, at 10-3 M total 
sil ica and total magnesi um in sol uti on, the extent of 
magnesium-to-silica canplexation at pH 8 is small. The ratio of 
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comp1exed to not comp1exed magnesium was calculated to be 10-3•7 
(Table 2.2). 
The general shift toward a lower pH iep has been observed for other 
oxide minerals, and was assumed to be due to loss of soluble cations 
(Smith & Trivedi, 1974). Later shifts to higher values were assumed 
to be due to readsorption of cations as the solid dissolved and the 
solution neared saturation. As suggested in section 2.1.2, 
readsorption of dissolved Mg2+ is unimportant in determining the 
charge on chrysotile in these experiments. There is no experimental 
evidence to contradict this supposition. 
In the absence of specific adsorption, the pH. , measured by lep 
electrophoretic mobility, should equal the pH , inferred from zpc 
potentiometric experiments. The data on Figure 4.22 are consistent 
with this equality. The pH zpc for chrysotile was found to be 8.9 
(Figure 4.3). Initial mooilities of suspensions in the pH range 5-8 
are positive. Similar behavior was ooserved in experiments by others 
(Ahmed, 1981; Smith & Trivedi, 1974); these are shown on Figure 4.22 
for reference. In thei r experiments, pH was not held constant, but 
was dete rmi ned at the beg i nni ng of each mobil ity measu rement. 
4.2.2.2. Consistency of Surface Charge and Dissolution 
Results 
One check on the consistency of the dissolution, 
surface-charge and mobil ity data is to compare the extent of charge 
reversal due to dissolution, predicted from the surface-chemical 
model, with the extent of charge reversal observed in the mobil ity 
experiments. From Figure 4.8, the magnesium and s11 ica components 
dissolve (pH 8) at 1.90x10-16 and O.73x10- 16 mol/cm2·s respectively. 
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Fig. 4.22. Initial mobility of chrysotile; results of 
Ahmed (1981) and Smith & Trivedi (1974) shown for 
reference; current data are taken from mobility vs. 
time results of Appendix III. 
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Assuming that these rates hold as the surface becomes more 
silica-like, the fraction of silica on the surface of a chrysotile 
fiber is directly proportional to time. Using the surface-equilibrium 
constants derived in section 4.1.1, the surface charge can then be 
computed as a function of time (Figure 4.23). This calculation 
suggests that the surface charge at pH 8 should be zero after about 
ten weeks, which is about five-fold longer than the two-week observed 
time for mobility reversal (Figure 4.21). 
This lack of close agreement between the two sets of data reflects 
the oversimplified nature of the surface-chemical model used to 
describe the compound, heterogeneous chrysotile surface. The 
charge-potential relation and surface acidity constants were 
detennined for a 1 imited set of conditions and are not expected to fit 
data taken under greatly different experimental conditions. For 
example, the surface-acidity constants were detennined during five-day 
experiments, duri ng which time the surface was made up of a 1 arge 
fraction of >Mg-OH sites and a smaller fraction of >Si-OH sites. 
Adsorption of protons at the >Mg-OH sites was responsible for the 
positive surface charge below pH 8.9 and the charge-potential relation 
was dete nni ned 1 a rgely by the natu re of the more abu ndant >Mg-OH sites 
rather than by the >Si-OH sites. The same charge-potential relation 
would not necessarily apply to a surface with a greater fracti on of 
>Si-OH sites. Further, the acidity constant for the >Si-OH sites, 
K s (2.3), was assumed, based on previous studies on a silica surface 
as 
with no >Mg-OH sites present. Because of the initially small relative 
abundance of >Si-OH sites on chrysotile, varying the value of Kas
s 
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Fig. 4.23. Predicted chrysotile surface charge during 
dissolution; fraction of surface that is silica vs. 
magnesium increases with time; time scale based on 
surface being 10 percent silica at the outset. 
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surface charge results in the five-day experiments. The magnitude of 
Kas s has a greater effect on the calculated charge for a surface with 
a greater fraction of >Si-OH sites, corresponding to the larger times 
on Fig u re 4.23. 
4.2.2.3. Effect of Model Organic Anions 
The addition of organic anions makes the surface 
charge and mobility of chrysotile negative in two ways -- by 
adsorption of negatively charged species to the surface and by 
enhanci ng release of magnesium from the surface. Results of a ten-day 
mobil ity and adsorpti on experiment are shown on Figure 4.24. The 
effect of adsorbed catechol in givi ng chrysotile a negative mobil ity 
is apparent duri ng the fi rst 24 hours after addi ng the organic. 
During that time, only about 15 percent of the catechol is adsorbed, 
which corresponds to 40 percent of the maximum adsorption density. 
The UV-absorbance peaks for catechol showed a progressive 
broadening in this experiment (Figure 4.25), like that noted above in 
the dissolution experiments (Figure 4.19). Along with this 
broadening, or apparent oxidative polymerization, is a decrease in the 
magnitude of the negatlve mobility. This is consistent with 
oXldation of adsorbed organics to form unCharged, pol.Y.1T1eric species. 
That the decrease in absorbance at A= 256 nm is associated with 
catechol removal from sol utl on was confi rmed by the TOe analyses shown 
on Figure 4.24. Other mechanisms for reduction of the magnitude of 
the mobility, such as shifting the plane of shear due to polymer 
adsorption (Kavanagh et al.. 1975), charge neutralization by 
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Fig. 4.24. Chrysotile surface charge and mobility resulting 
from catechol adsorption; pH 8, 0.01 M NaCl, 25 C, N2- C02 
(350 ppm) atm., solids 10.9 mg/L (mobility) and 1.02 g/L 
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Fig. 4.25. UV scans of catechol in the presence of 
chrysotile; experimental results on Fig. 4.15. 
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A seri es of subseque nt expe riments exami ned the cha rge reve rsal 
apparent on the middle portion of Figure 4.24, fran one day prior to 
organic addition to several days after organic addition. Aliquots 
were withdrawn from the stock suspension whose mobility is shown on 
Figure 4.21, catechol or oxalic added, and the effect noted. Parallel 
adsorption experiments were run. All mobility curves showed 
qualitatively the same behavior, as did those for preliminary 
experiments done with phthalic acid (Appendix III). Within 24 hours 
after adding the organic, a new, lower steady-state mobility value was 
reached. Figure 4.26 summarizes these latter steady-state values for 
the range of conditions studied. If charge reversal was due only to 
anion adsorption at the maximum densities suggested by Figures 4.15 
and 4.18 there should be little charge enhancement beyond an organic 
to surface molar ratio of one. The presence of an enhancement at 
higher ratios suggests either multi-layer adsorption, increased 
magnesium removal like that observed on Figure 4.13, or both. 
The effect of different initial mooilities, prior to organics 
addition, was small; this was evidenced by the similar post-addition 
mobilities for pH 8, equimolar catechol and surface, for initial 
mobilities of fran +1 toO (Figures 4.26 and Appendix III). Oxalate 
has 1 ess of an effect on chrysotil e mobil ity than does catechol, 
consistent with the above-noted lower adsorption of oxalate on the 
surface. The mixed effect of catechol and oxalate on dissolution of 
the magnesium-hydroxide layer was noted on F,igure 4.11 and 4.13. 
However the lesser adsorption of oxalate is counter to the stronger 









Fig. 4.26. Mobility of chrysotile in the presence 
of various catechol concentrations (mg C/cm2), 
where 0.015 mg C/cm2 = 200 10-9 mol catechol/cm2 
or 100-fold excess organic relative to surface 
site dens ity. 
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and on Figure 4.17. These mob il ity data prov ide add it ion al ev idence 
that catechol adsorbs to both >Si-OH and >Mg-OH surface sites. 
That the negative charge on chrysotile is due to a combination of 
anion adsorption and enhanced magnesium hydroxide dissolution can also 
be seen by compar ing the Alox and chrysotil e mobi1 it ies of Figures 
4.26-4.28. The pH iep of Alox in the absence of organic matter is seen 
from Figure 4.28 to be about 9.4. which is near the pHzpc of 8.9 for 
chrysotile. From 10-3 to 10-2 mg C/cm2 (catechol) causes a small 
charge reversal of Alox at pH 8 (Figure 4.27) due to adsorption. The 
same concentrations cause a greater charge reversal on chrysotile. 
Concentrations on the order of 10-4 mg C/cm2 at pH 8 cause a charge 
reversal on chrysotile but not on Alox. From Figure 4.14 it is seen 
that catechol adsorbs more strongly onto Alox than onto chrysotile. 
The greater magnitude mobility on chrysotile in the presence of 
catechol (Figure 4.27) is then due 1 argely to enhanced dissolution 
rather than greater adsorption. 
4.2.2.4. Effect of Natural Organic Matter 
Adsorption of NOM in the range 10-5-10-3 mg C/cm2 
caused greater charge reversal on chrysotile than did either oxal ic 
acid or catechol. NOM is composed of a distribution of carboxyl and 
hydroxyl acidic functional groups that are available to bind to the 
surface and give a negative charge to the surface. The greater 
magnitude mobil ity at lower organic adsorption densities suggests that 
NOM contains a greater abundance of acidic groups that are 
deprotonated at this pH. 
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Fig. 4.27. Mobility of chrysotile and Alox in 
the presence of increasing organic concentrations 
(amt. organic added); conditions of each experiment 
ar'e noted on mobility vs. time results of 
Appendices II and III. 
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Fig. 4.28. Alox mobility as a function of pH 
in the presence of organic matter; conditions 
of each experiment as noted on mobility vs. 
time plots of Appendix III. 
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Mobil ity was also lower on Alox in the presence of NOM than in the 
presence of catechol. L ittl e change in mob il ity was observed in go ing 
from 10-4 to 10-3 mg C/cm2• Charge reversal at low organic 
concentrations is consistent with the findings of Tipping and Cooke 
(1982), who observed reversal of mobil ity with adsorption of as 1 ittle 
aquatic humus as 10 mg/g ('\, 60xl0-6 mg/cm2) onto goethite at pH 7. 
Less negative charge was conferred per unit mass of humics adsorbed as 
adsorption density was increased by a factor of three. In the 
presence of Ca 2+ and Mg2+, 1 ittle change was observed in going from 20 
to 60 mg/g adsorbed. These sane divalent cations are known to 
interact strongly with humics, in solution (Dempsey, 1981) and adsorbed 
on the surface of goethite particles (Tipping & Cooke, 1982). In the 
1 atter case, mobil ity decreased with increasing cation concentration. 
The mobil ity of Alox in the presence of NOM was not pH dependent 
(Figure 4.28) in the pH range 4-10. This is in contrast to the 
results of Davis (1982), where at least a one-unit mobil ity change was 
observed over a simil iar pH range for organic concentrations about 
20-fold lower. 
Particles in samples taken from the Feather river in May, 1983 all 
showed mobil ities of -1.1 ::0.5 llm·s- 1V·cm- 1• The chrysotile fiber 
concentration in these samples was on the order of 108/L and the 
concentration of larger (2-100 llm) particles was about 107/L. This 
suggests that even far upstream in natural waters, chrysotile fibers, 
as well as other particles present, have a negative charge due to 
adsorption of NOM. The magnitude of that charge is equal to or lower 
than that observed in the 1 aboratory, with 1 ittl e v ar i at ion in 
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individual mobil ities despite the wide range of particle sizes and 
presumably particle identities in the river-water samples. This is 
consistent with observations by others. For exanple, after several 
successive exposures to seawater, mobil ities of three model particles 
-- A1 203 , a cationic polymer and a hydrophobic organic polymer --
converged to a negative value 1 ike that observed for natural particles 
(Hunter, 1980). Initial mobil ities were positive. 
The mobil ity of two sanples taken from Castaic reservoir in 
August, 1983 had the same mobil ity as the earl ier Feather river 
sanples -- -1.1 .!.0.3 ~m·s-1V·cm-1. Chrysotile added to filtered 
Castaic water (pH 8.5) acquired a negative mobil ity (-1.5) within a 
few hours; the mobil ity remained constant overnight. 
4.3. COAGULATION 
From 5 to 50 fold reduction in fiber concentration was observed in 
the two five-day coagulation experiments. Results are shown in Table 
4.1. This reduction is apparently due to coagul ation of fibers with 
sil ica particles. The experimental blank -- a 4.9 giL chrysotile 
suspension with no sil ica present -- showed a relatively constant 
fib er concen tr at ion. 
Following equation (2.31), up to a 600-fold reduction in 
chrysotile fiber concentration is expected over the five-day period 
( a) 
It is assumed that differential sedimentation is primarily 
(a)n1/n10 = exp(-a~niki); from Table 11.10, niki = 14.8x10-6 s-l for 
the sil ica suspension used in t~is experiment; for a = 1 and t = 
0.43x106 s, n1/niO = e-6 • 38 = 0.0017. 
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Table 4.1. Total fiber count in coagulation experiments. 
108 Fi bers/l 
Date Hours Ave. S. dev. 
4.9 ~g/l blanka 2 4.0 1.6 
5-10-84 24 2.0 0.8 
5-11-84 28 2.8 0.4 
5-12-84 48 1.8 0.4 
5-16-84 b 144 0.7 0.6 
Stirred beakerc 
5-16-84 120 0.05 0.08 
Settling column 
5-14-84 d 68 1.7 0.6 
5-16-84 a 120 0.5 0.2 
aNumbers reported were determined from six photographs taken in six 
different grid squares of the 300-mesh copper grid; an average of 
8-18 fibers were counted on e~ch photograph, the area of which 
corresponded to approximately 4x10- 4 mm2 on the original filter. 
blower value due in part to problems with sample preparation. 
cThree fibers were counted in an area corresponding to approximately 
10- 3 mm 2 on the original filter. 
dEighteen fibers were counted in an area corresponding to approximately 
10- 3 mm2 on the original filter. 
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responsible for particle contact. Fluid shear may be important in the 
stirred beaker; although the shear rate was not determined. the 
analysis of section 2.3.1.2 suggests that the rate constant for 
fluidshear is about 10-fold lower than the constant for differential 
sedimentation for the particle size range of interest. Results of the 
experiments. however. showed ten-fold greater fiber removal in the 
st irred reac tor than in the settl ing col umn. suggest ing that fl u id 
shear is important. 
There is qual itative agreement between the removals predicted from 
coagul at ion theory and observed in the exper iment. Fres hly suspended, 
positively-charged chrysotil e fibers coagul ate with 1 arger. 
negatively-charged sil ica particles with a high efficiency. An a. 
value in the range 0.01-0.1 characterizes the process. In Cal Hornia 
surface waters it is observed that weathered. negatively-charged 
chrysotile fibers coagul ate with the 1 arger particles present at a 
slower rate a. is on the order of 0.001 (Bales et ~ •• 1984). The 
lower rate, or efficiency, in natural waters is apparently due to the 
more uniform negative surface charge on all particles, brought on by 
adsorption of NOM. 
Other expl anations are possibl e for the effect of NOM. For 
exanple. Tipping and Higgins (1982) observed that adsorbed humics 
enhance stabil ity of hematite particles; the mechanism is thought to 
be s ter ic stab il i zat ion. as el ec trophoret ic mob il it ies changed 1 ittl e 
with changes in humic concentration from 1-20 mg/L. Estuarine 
part icl es in gener al have h ig hl y un iform surf ace propert ies in sp ite 




The research work described in this thesis provides insight into 
the chemical behavior and the influence of surface chemistry on the 
physical behavior of chrysotile asbestos particles in natural waters 
and in water treatment processes. Chrysotile fibers are present in 
surface waters of central and northern California at concentrations 
fran 10 7 to lOll fibers/L as a result of natural, physical weatheri ng 
in the Sierra Nevada and coastal mountai ns. Two important chemical 
processes that occur on the surface of chrysotile particles suspended 
in natural waters are adsorption of organic matter and dissolution, or 
chemical weathering. Both processes cause a reversal of chrysotile's 
surface charge and affect the rate at which fibers coagulate with 
other suspended matter. In water treatment, the surface identity of 
the fibers influences the rate and extent to which they adsorb or 
se rYe as nucl eati on sites for added coagul ant chemi cal s, coagul ate 
with other particles, and deposit onto sand filter grains. 
5.1. CHRYSOTILE DISSOLUTION 
5.1.1. pH Dependence of Chrysotile Dissolution 
Over the pH range 7-10 chrysotile suspended in 0.1 M 
inorganic electrolyte for up to five days dissolves with magnesium 
being released into solution in excess of the 3:2 magnesium to silica 
molar ratio in the solid. The rate of magnesium release (mol/cm
2
·s) 
exhibits a fractional pH dependence: 
(5.1) 
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where [H+] is the hydrogen ion concentration in solution (mol/L). k1 
is the observed dissolution rate constant and depends on the 
dissolution mechanism, the specific surface area of the solid and the 
charge-potential relation at the surface. Interpreted in tenns of a 
site-binding model for adsorption and desorption of protons on the 
surface, this fractional dependence implies that the dissolution rate 
is limited by a chemical reaction involving an average of less than 
one adsorbed proton per magnesium ion released into solution. Silica 
release fran chrysotile shows a weaker pH dependence and the rate 
cannot be characterized by a simple equation like (5.1). The rate at 
which chrysotile dissolves (10- 15 • 7 mo1/cm2·s at pH 8) is consistent 
with the rates observed for other magnesium silicate minerals and for 
magnesium hydroxide; the magnitude of the rate further confinns that a 
chemical reaction rather than diffusion of reactants (protons) to the 
surface is rate limiting. 
Chrysotile suspended in inorganic electrolytes exhibits a rapid 
2+ but declining rate of release of Mg into solution for 12-24 hours, 
followed by a slower, constant rate of release for the following four 
to five days. The rate of silica release is linear fran the outset. 
Up to 15 percent of the outer magnesium hydroxide surface is released 
into solution (based on a 100 percent magnesium-surface initially) 
during the initial 12-24 hour period. After the first day magnesium 
release follows equation (5.1), which is a smaller pH dependence than 
observed on other silicate and oxide minerals (Figure 5.1). For 
1 h f 11 ' db' [H+]0.5 d' 'd examp e, teo ow1ng are reporte: ronz1te, ; lOPS1 e, 
[H+]0.7; enstatite, [H+]0.8; forsterite, [H+]l.O; a-aluminum oxide, 
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Brucite (Vermilyea, 1969) 
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(Lin & Clemency~ 1981) 8.5 D • • Druclte 
(Schott et al., 1981) 2 6 
(Schott & Berner, 1983) Bronzite 
(Pulfer et al., 1984) Bayerite 3 
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(Grandstaff, 1980) Forsterite 3 
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(Lim & Clemency, 1981) 
10 
(Wirth & Gieskes, 1979) 
(Wood & Walther, 1983) pH independent -- silicates 
8 10 12 14 
-log Rote t mol /cm2 . s 
Fig. 5.1. Dissolution rates for a variety of minerals at 25 C; length of 
bar indicates range at rates observed; numbers above each bar indicate pH 
over which rate was measured. 
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not directly comparable because different pH ranges were studied, the 
lower pH dependence for magnesium release from chrysotile suggests 
that magnesium hydroxide is more easily dissolved than minerals such 
as al umi num oxide, and that attack by H20 rather than H30+ may be more 
important in chrysotile dissolution. 
5.1.2. Effect of Anions on Chrysotile Dissolution 
- 2-The inorganic anions N03-, Cl-, HC03 and S04 and the 
organics catechol and oxalate affect the rate of magnesium release 
only duri ng the initial 12-24 hours of each experiment. After that 
period, rates with and without organics present were the same. 
Oxalate inhibited silica release. The nature of this inhibition is 
unclear, as oxalate is not known to interact di rectly with a silica 
2+ 
surface. If Mg plays a role in the release of silica, the oxalate 
inhibition could be due to formation of magnesium-oxalate complexes. 
There is no independent evidence for Mg2+ being involved in silica 
dissolution, however.· Catechol had a slight enhancing effect on the 
release of silica from chrysotile, which is consistent with the 
enhancement reported for dissolution of silica in the presence of 
catechol. 
5.1.3. Attainment of Steady-State Dissolution 
ChrysotiJe dissolves with the ratio of magnesium to 
silica released being near 2.0 in the pH range 7-9, which is greater 
than the 1.5 molar ratio in chrysotile. If dissolution occurs only, 
or primarily, at the surface, the rate of magnesium release should 
diminish as the fraction of surface that is magnesium hydroxide 
diminishes and the rate of silica release increase as the fraction of 
surface that is sil ica increases. Eventually a surface of constant 
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composition should result and the ratio of the dissolution rates 
should reflect the molar ratio in the material. This did not occur 
during the five-day experiments; several days to weeks may be required 
to reach this steady state. 
5.1.4. Consistency of Chrysotile Dissolution with Rates for 
Other Mineral s 
The dissolution rate for chrysotile is compared with 
rates reported for other s i1 icates and ox ides on Figure 5.1. These 
rates span nearly nine orders of magnitude, from the diffusion-l imited 
dissolution of calcite at pH 3 (10-8 mol/cm 2s) to the reaction-l imited 
dissolution of sil icates (10-17 mol/an 2s). 
The minerals containing magnesium hydroxide layers exhibit 
decreasing dissolution rates with increasing structure, from brucite 
to antigorite and chrysotile to talc. All four minerals involve the 
stacking of semi-infinite brucite sheets composed of magnesium in 
octahedral coordination with oxide and hydroxide. In antigorite and 
chrysotile each octahedrally-coordinated brucite sheet is bonded to a 
sheet composed of s il ica tetrahedra (t-o structure), with the resul t 
that magnes ium is 1 ess eas i1 y removed than in the absence of the 
tetrahedral sheet. In talc each octahedral sheet is sandwiched 
between two silica sheets (t-o-t structure) and the dissolution rate 
for the magnesium component is lowest. There are no data available 
concerning the pH dependence of talc dissolution, but the rate at pH 5 
is near the 10-17 mOl/cm 2s value (based on 5i0
2
) estimated by Wood and 
Walther (1983) for the pH-independent dissolution of feldspars and 
micas; it is expected that the rate for talc would decl ine only 
51 ightl y above pH 5. 
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It has been suggested that both solubility and dissolution rates 
for s il i cat e s s h ou 1 d dec re a sew it h i nc re a sing s t ru c t u re - - i nc re a sing 
sharing of oxides by silica tetrahedra -- in the order: nesorv soro > 
ino> tecto 2. phyllo (Hurd et al., 1979). In canparing the more rapid 
dissolution of fayalite (Fe2Si04), an olivine (nesosilicate), to the 
slower dissolution of bronzite (FeO.3M91.7Si206)' a pyroxene 
(inosilicate), it was suggested that dissolution of an olivine is 
easier and faster because it involves no breaking of strong Si-O bonds 
(Schott & Berner, 1983). In olivines, silica tetrahedra are linked by 
other cations (Mg2+, Fe2+, etc.) and do not share oxides, whereas in 
pyroxenes adjacent silica tetrahedra share two corner oxides. 
Canparing the dissolution rates of Figure 5.1 for magnesium silicates 
witt, diffe ri ng deg rees of st ructu re (sha ri ng of oxygens in si 1 i ca 
tet rahed ra) fail s to gi ve the same cons i stent patte rn. F orste rite 
(M9 2Si04), an olivine, dissolves at about the same rate as enstatite 
(M9 2Si 206 ), a pyroxene. Diss~ution of about the same or faster rate 
is observed in chrysotile and antigorite, serpentines 
(phyllosilicates), where silica tetrahedra share three corner oxygens. 
Apparently the nature of the octahedral sites strongly influences the 
release of silica fran these chemically similar minerals. 
5.2. ADSORPTION AND SURFACE CHARGE 
An ideal, unweathered fiber has a magnesium-hydroxide outer 
surface and fibers freshly suspended in water of pH bel CM 8.9 have a 
positive surface charge. Particles aging in natural waters acquire a 
negative surface charge by rapid (within hours) adsorption of natural 
organic matter and by slower (within days) dissolution of the outer 
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magnesium-hydroxide sheet and accanpanying exposure on the surface of 
the u nde rl yi ng s il i ca sheet. 
5.2.1. Adsorption of Organics onto Chrysotile and Aluminum 
Oxide 
The amount of catechol that is lost fran solution 
(adsorbs) in the presence of chrysotile or aluminum oxide in the pH 
range 7.5-8.5 does not reach equilibrium but increases over five days. 
After one day the maximum adsorption density on chrysotile, estimated 
using a Langmuir adsorption equation, is O.7xlO-9 mol/cm2 (50 mg 
C/cm2). This is approximately one-thi rd of the estimated number of 
-9 2 surface sites available for proton exchange, 2xlO mol/cm. The 
correspondi ng maximum density for adsorpti on of natural organic matter 
-6 2 -6 2 was 26xlO mg C/cm on chrysotile and 32xlO mg C/cm on aluminum 
oxide. These densities suggest that in California surface waters, the 
surfaces of chrysotile fibers and clay particles should be essentially 
canpletely covered with NOM. 
The steady increase in amount adsorbed with time in each 
experiment is apparently due to further adsorption of oxidized 
polymers of catechol. Oxidation and polymerization of catechol is 
enhanced in the presence of both chrys.otile and aluminum oxide 
surfaces. The oxidant in these experiments was either molecular 
oxygen, present in trace amounts; n the N2 gas used to excl ude CO 2 
from the reactor, or Fe(III), present as an impurity in the 
c h rys ot il e. 
The adsorption densities and charges resulti ng fran adsorption of 
catechol and oxalate onto chrysotile were canparable. Oxalic acid is 
a stronger acid, should bi nd to >Mg-OH sites to a greater extent than 
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catechol, and should be present as an anion, whereas catechol should 
be an uncharged species, in the pH range 7-9. Binding of catechol 
onto both >Mg-OH and >Si-OH sites could account for its adsorption and 
surface-charge behavior. Some charge reversal upon adsorption of 
catechol occurred within one hour and a near-constant charge was 
reached within 24 hours. 
5.2.2. Chrysotile Surface Charge 
At pH values below the pHzpc (8.9), chrysotile's surface 
charge is initially positive, but becomes negative due to both 
dissolution and adsorption. For exanple, at pH 8 in 0.01 M NaCl, 
chrysotile's surface charge (electrophoretic mobil ity) is initially 
positive but becomes zero after about two weeks and is negative 
thereafter. The positive-to-negative shift is due to the faster 
dissolution of the positively-charged brucite sheet relative to the 
negatively-charged sil ica sheet in chrysotile's outer layer. 
Chrysotile adsorbs sufficient catechol, oxalate, phthalate or natural 
organic matter within one day to reverse its surface charge. 
The surface charge of freshly suspended chrysotile fibers changes 
more rapidly during the first day as proton uptake and the rate of 
magnesium release reach steady-state values. Particle breakup may be 
partly responsible for the initial change. Surface charge then 
changes more slowly, reflecting the relative rates of magnesium and 
silica rel ease. After four weeks, further changes in surface charge, 
(electrophoretic mobil ity) are slow, possibly reflecting a new steady 
state in dissolution wherein magnesium and sil ica release rates are in 
a ratio that more closely reflects the Mg:Si mol ar ratio in the sol id. 
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Chrysotile's surface charge was the same in the presence of the 
2-different inorganic anions N03-, Cl-, HC03- and S04 ' suggesting that 
adsorption of these anions is weak. 
In the pH range 7.5-8.5, adsorption of catechol and NOM on 
aluminum oxide (at the same or higher adsorption densities) causes a 
sm~ler charge revers~ than on chrysotile. Aluminum oxide has a 
pH iep of 9.4, near that of chrysotil e aged for 1 ess than one week. 
The 1 arger charge reversal on chrysotil e refl ects an enhanced renoval 
of the surface brucite layer accompanying the rapid (order of hours) 
ad sorpt ion. 
5.2.3. Surface Chemical t-bdel 
A constant-capac itance model can be used to rel ate 
surf ace charge to adsorpt ion and desorpt ion of protons over a 1 im ited, 
1.5-2 pH-unit, range. The best-fit model paraneters are PKal
s = 8.0, 
pK 2s = 10.0 for >Mg-OH and pK s = 7.5 for >Si-OH, and a capacitance a as 
of 4 C/V.cm2• Poorest fit for any of the combinations of constants 
tried is at higher pH values, 10-11. Best fit is below the pHzpc • 
5.3. FIBER REMOVAL IN NATURAL WATERS AND WATER TREATMENT 
In reservoirs, submicron-sized chrysotile particles coagul ate with 
1 arger (> 2 ]..1m) particles that subsequently settle out. In four of 
The Metropol itan Water Dis tr ic t of Southern Cal iforn i a's source-water 
reservoirs, approximately one-log renoval occurs for each year of 
detention time. This is based on long-term averages; no annual or 
seasonal variations are accounted for. 
Coagul ation efficiency for freshly-suspended, positively-charged 
chrysotile fibers with 1 arger, negatively-charged sil ica particles is 
in the range 0.01-0.1. Electrostatic barriers should be absent, as 
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the silica and chrysotile are oppositely charged. In natural waters, 
chrysotile fibers are coated with NOM, are negatively charged, and 
coagulate more slowly. Efficiency is near O.OOL 
The observed chrysotile dissolution rates at pH 8 suggest that 
canplete dissolution of a fiber would requi re at least 5-10 years. As 
the residence time for suspended particles in California surface 
waters is shorter, up to three years, dissolution is not di rectly 
responsible for fiber removal. 
Removal of chrysotile particles in water treatment occurs by 
deposition of coagulated fibers onto sand grains in filtration. 
Capture efficiency for single fibers is low; removal is enhanced fran 
10- to lOa-fold by incorporating fibers into larger floes that have a 




The surface-chemical studies of chrysotile described in chapters 1-5 
have motivated additional questions regarding the chemical weathering of 
natural minerals, the aggregation of colloids in natural waters and the 
deposition of submicron sized particles in water treatment by filtration. 
6.1. CHEMICAL WEATHERING 
The technique used in the potentiometric experiments could be 
appl ied to other minerals. It enables determining both dissolution rate 
and surface charge in the same constant-pH experiment. Measuring both 
enables interpreting the dissolution rate in terms of the number of 
hydrogen ions adsorbed on the surface, or the number invol ved in the 
rate-limiting step in dissolution. Holding pH constant during 
dissolution of a heterogeneous material such as chrysotile is necessary 
if the pH dependence of the rate is to be determined, because the time to 
reach a steady-state rate after changing pH may be long -- from hours to 
days. It is recommended that the methods employed in the dissolution 
experiments be appl ied to other oxides and sil icates that dissolve at 
comparable rates. 
Insight into the importance of sil icate structure on dissolution rate 
of phyllosil icates could be determined by studying the dissolution of 
talc under conditions 1 ike those used for chrysotile. Talc has two 
tetrahedral sil ica sheets for each octahedral magnesium-hydroxide sheet 
versus the one-to-one ratio in chrysotil e. It is recommended that the pH 
and temperature dependence of talc dissolution be studied over the pH 
range 6-9. 
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Additional experimental determinations of dissolution rates are 
needed to confirm the importance of crystal structure on dissolution 
rates across the broad cl ass of s 11 icate mineral s. Specul ation that 
sil ir:ate hydrolysis at low temperatures (rv 25 C) is independent of or 
only weakly dependent on structure and pH is not well documented. It is 
recommended that experiments with well-characterized magnesium sil icates 
be carried out as a first step in the investigation of these dependences. 
Determination of an activation energy for dissolution of weathered 
chrysotile in the pH range 7-9 could further clarify the dissolution 
mechanism. Past determinations of activation energies have considered 
only one component -- magnesium and have not been done at constant pH 
(e.g., Choi and Smith, 1972). It is recommended that chrysoti1e 
dissolution experiments be carried out over the temperature range 10-40 C 
at pH 8 and at one or more additional pH values in the range 7-9. 
It was proj ec ted that at longer times -- from two to seven weeks 
the ratio of the rates of magnesium and si1 ica release from chrysotile 
should equal the 3:2 ratio of magnesium and sil ica in the sol id. It is 
recommended that one or more long-term dissolution experiments on a 
well-characterized chrysoti1e be carried out to confirm this projection. 
It is not known if chrysoti1e dissolving at neutral pH over long 
times (months) in a solution near saturation with regard to sil iea 
solubi1 ity builds up a surface layer of different composition than the 
original solid. Indirect evidence indicates that this may be the case 
for dissolution at acidic pHIs. It is recommended that surface 
characterization accompany long-term dissolution experiments to determine 
surface versus bulk sol id magnesium-to-si1 ica mol ar ratios and to 
determine if a new sol id phase forms on the surface. 
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Brucite dissolution is apparen~y transport 1 imited, as evidenced by 
its 1 inear dependence as hydrogen ioh concentration and by its dependence 
on suspension stirring rate. It is recommended that the pH and transport 
dependences of brllcite dissolution be determined in a systen with 
well-defined transport, such as a rotating disk electrode. 
6.2. PARTICLE AGGREGATION AND DEPOSITION 
Results of the coagul ation experiments carried out as part of this 
work suggest that submicron-sized chrysotile fibers readily coagulate 
with oppositely charged particles from 1 to 10 ~ in size. It is 
recommended that coagul ation experiments be continued in three areas. 
First is a quantitative measurenent of coagul ation rate for chrysotile 
with oppos itely-charged, model part icl es over a several-day per iod. 
Second is measurement of the sane rate for fibers with particl es of 1 ike 
charge; charge of fibers could be reversed by adsorption of natural 
organic matter. Third is carrying out of the same experiments with a 
monodisperse suspension of model particles rather than the heterodisperse 
chrysotile particles; this should give a more confident measure of 
coagulation efficiency for submicron-sized particles. 
Removal of fibers in water filtration depends on the degree of 
aggregation that occurs prior to passage of fibers through the filter 
media. A primary area for study is the nucleation of coagul ant sol ids 
Al(OH)3' Fe(OH)3' etc. -- onto chrysotile fibers and the ensuing 
coagul ation. It is recommended that as a first step the rate and extent 
of coagul ant deposition onto chrysotil e be determined under 
well-controlled conditions and that the resul ting aggregates be 
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characterized by size and identity. This should be done in parallel with 
work on model particles. 
6.3. PILOT FILTRATION STUDIES 
It is recOOlmended that pilot filtration studies focus on the 
importance of operating variables specific to removal of chrysotile 
fibers. FrOOl three to six well-characterized pilot runs should be 
carried out on water to which a known concentration of weathered fibers 
is added. Initial variables to be addressed are coagulation time, 
coagulant dose and pH. Order-of-magnitude variations in coagulant dose 
and coagulation time should be used. Characterization by particle 
counting, turbidity measurement, transmission electron microscopy, and 
mobility measurement should be done at three points in the pil ot setup 
before rapid mixing, after coagulation and after filtration. 
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APPENDIX II 
SUMMARY OF EXPERIMENTS 
AND SAMPLE CALCULATIONS 
Tables in this appendix provide clarification for the results 
presented in Chapter 4. Table II.1 lists conditions for other dis-
solution experiments. Tables II.2 - II.5 illustrate the calculation of 
results from the set of dissolution data corresponding to Figure 4.1. 
Table 11.6 is data from one adsorption experiment. Tables II.7 - 11.9 
list conditions for the mobility experiments. Table 11.10 gives the 
values used to estimate coagulation efficiency in Section 4.3. 
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Table 11.1. Parameters for Chrysotile Constant pH Dissolution Experiments. 
Solids i conc. Duration Acid or 
Date pHa Electrolyte 9/9.- hrs. Oreb Basec Corrmentsd 
10-30-82 8 0.1 M KN03 10 22 V 0.01 M HN03 N2 flowmeter problems 
10-jO-82 9 0.1 M KN03 10 22 V 0.01 M HN03 stirrer failure; excess acid added 
11-4-82 8 0.1 M KN03 5 88 V 0.01 M HN03 autoburette & N2 flow-meter problems 
11-4-82 9 0.1 M KN03 5 88 V 0.01 M HN03 excess acid added; auto-burette problems 
11-13-82 10 0.1 M KN03 5 94 V 0.1 M KOH --
11-13-82 11 0.1 M KN03 5 94 V 0.1 M KOH --
11-19-82 8 0.1 M KN03 10 72 V 0.01 M HN03 --
11-19-82 9 0.1 M KN03 10 72 V 0.01 M HN03 --
11-24-82 10 0.1 M KN03 10 95 V 0.1 M KOH --
11-24-82 11 0.1 M KN03 10 95 V 0.1 M KOH --
12-6-82 8.5 0.1 M KN03 10 98 V 0.01 M HN03 --
12-6-82 9.5 0.1 M KN03 10 98 V 0.1 M KOH 0.01 M HN03, t > 48 
1-2-83 8.5 0.1 M Na2S04 10 95 V 0.1 M HN03 --
1-2-83 9.5 0.1 M Na 2S04 10 95 V 0.1 M KOH 0.01 M HN03, t > 48 
1-16-83 8 0.1 M NaCl 10 120 V 0.01 M HN03 --
1-16-83 8.5 0.1 M NaCl 10 120 V 0.01 M HN03 --
1-22-83 8.5A 0.1 M NaCl 10 120 VI 0.01 M HN03 AA problems 
1-22-83 9 O.lMNaCl 10 120 VI 0.01 M HN03 AA problems 
1-30-83 7.5 0.1 M NaCl 10 120 VI 0.1 M HN03 0.01 M HN03, t ~ 24 
1-30-83 9.5 0.1 M NaCl 10 120 VI 0.01 M HN03 0.1 M NaOH also 
2-6-83 7.5 0.1 M KN03 10 120 VI 0.1 M HN03 0.01 M HN03 , t ~ 24 
2-6-83 9A 0.1 M KN03 10 120 VI 0.01 M HN03 --
2-13-83 7.93 NaN03 10 120 VI 0.2 M HN03 350 ppm CO2 atm. 
2-13-83 8.27 NaN03 10 120 VI 0.2 M HN03 350 ppm CO2 at;n. 
2-21-83 9.35 NaN03 10 120 VI 0.02 M HN03 350 ppm CO2 atm. 
2-21-83 9.2 NaN03 10 120 VI 0.02 M HNO:; 350 ppm CO2 atm. 
2-28-83 9.1 NaN03 7.5 120 VI 0.1 M HN03 350 ppm CO2 atm. 
2-28-83 8.15 NaN03 7.5 120 VI 0.1 M HN03 
350 ppm CO2 atm. 
3-7-83 8 0.01 M KN03 10 120 VII 0.01 M HN03 AA problems 
3-7-83 8 0.05 M Na 2S04 10 120 VII 0.01 M HN03 
AA problems 
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Date Electrolyte g/£ hrs. Basec Conments 
3-13-83 8.5 0.005 M Na2S04 10 120 VII 0.01 M HN03 AA problems 
3-13-84 8.5 0.05 M Na2S04 10 120 VII 0.01 M HN03 AA problems 
4-2-83 8A 0.1 M KN03 10 120 VII 0.02 M HN03 --
4-2-83 8.SA 0.1 M KN03 10 120 VIr 0.02 M HN03 --
4-10-83 8A 0.1 M NaC1 10 120 VII 0.01 M HN03 --
4-10-83 8 0.005 M Na 2S04 10 120 VII 0.01 M HN03 --
6-16-83 8B 0.lMNaC1 10 120 VII I 0.02 M HC1 --
6-16-83 8C 0.1 M NaC1 10 120 VIII 0.02 M HCl --
6-30-83 7 0.1 M NaC1 10 120 VIII 0.1 M HCl --
6-30-83 7 0.1 M KN03 10 120 VI II 0.1 M HN03 --
7-18-83 8 0.1 M NaCl 10 120 VI II 0.02 M HC1 0.0001 M catechol 
7-18-83 8 0.1 M NaC1 10 120 VIII 0.02 M HC1 0.001 M catechol 
7-24-83 8 0.1 M NaC1 10 120 VII I 0.02 M HC1 0.01 M catechol; 
0.05 M NaOH 
7-24-83 8.5 0.1 M NaC1 10 120 VIII 0.02 M HCl 0.01 M catechol; 
0.05 M NaOH 
7-30-83 7.5 0.lMNaC1 10 120 VIII 0.02 M HCl 0.001 M catechol 
7-30-83 7.5 0.lMNaC1 10 120 VIII 0.02 M HC1 0.01 M catechol; 
0.01 M NaOH 
8-5-83 8 0.1 M NaC1 10 120 IX 0.02 M HC1 0.001 M oxalate 
8-5-83 8 0.1 M NaCl 10 120 IX 0.02 M HCl 0.01 M oxalate 
8-11-83 8.5 0.1 M NaCl 10 120 IX 0.02 M HCl 0.001 M oxalate 
8-11-83 8.5 0.1 M NaCl 10 120 IX 0.02 M HCl 0.01 M oxalate 
8-17-83 7.5 O.lMNaCl 10 120 IX 0.02 M HCl 0.001 M oxalate 
8-17-83 7.5 0.1 M NaCl 10 120 IX 0.02 M HCl 0.01 M oxalate 
aSubsequent experiments done at same conditions as a previous experiment are noted by 
a letter: A, B, C, etc. 
bSatches of 20-30 grams were prepared as needed for these experiments; small variations 
between batches were apparent. 
cUsed to maintain constant pH; if both acid and base were needed, the second is noted 
under corrrnents. 
dN2 atmosphere used unless otherwise noted; last 12 experiments were done with organics 

















Table II.2. Typical data for chrysotile dissolution; 
experiment pH 8A, 0.1 M NaCl. 
I I Acid Sol idsc Concentrati ont1Jmol /L added, a Volume,a 
pHb 
c onc. , d S. e OHf a ml L giL MgT lT CA-C B 
0 .2000 8.306 10.000 0 0 2.609 0 
15.4 .2074 8.003 9.285 287.34 23.34 1.296 715.0 
23.1 .2071 7.981 8.953 371. 50 40.53 1.232 1047.0 
27.0 .2030 7.982 8.787 404.60 56.28 1.237 1213.0 
30.0 .1980 8.018 8.659 427.50 67.37 1.342 1341.0 
31.8 .1918 8.018 8.581 450.40 73.82 1.342 1419.0 
33.7 .1857 7.998 8.497 491.10 92.79 1.281 1503.0 
34.6 .1786 8.021 8.456 483.00 103.50 1.353 1544.0 
35.4 .1714 7.994 8.418 552.30 116.10 1.271 1582.0 
36.3 .1643 7.943 8.374 537.00 120.40 1.131 1626.0 
36.8 .1568 8.003 8.349 544.60 132.50 1.296 1651.0 
37.1 .1491 7.992 8.333 582.80 139.30 1.266 1667.0 













bCalculated fran Table III.5 data: pH = a + mv/b; where a ~ 7.0 and b ~ 
59 mv; actual values used were determined by calibration with standard 
·pH buffe rs. 
cCalculated fran: (prev. conc. x prevo vol.)/(curr. vol. + sample voL). 
dFran atanic absorption results. 
eFran spectrophotanetric results. 
fCalculated by [OH-] = exp(2.303 x (pH - 14 + 0.1101)) where 0.1101 is 
the activity coefficient for OH- for I = 0.1 M, calculated by the 
Davies eqn. and 14 is pK • - w 
gSurface charge: Q = CA-C B - 2[Mg
2+]-[M90H+]+[H3Si04-]+[OH-]; where 
[Mg2+] = 0.9997 MgT' [M90H 2+] = MgT - [Mg2+], and [H 3Si04] = 0.0175 
SiT; the speciation coefficient for Mg2+ is calculated using P*K1 = 
* 11.2; the speciation coefficient for H3Si04- is calculated using p K1 = 
9.86; both coefficients are pH dependent. 
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Table I1.3. Typical results for chrysotile dissolution; 
experiment pH 8A, 0.1 M NaCl. 
Concent rat; on, -9 2 b 10 mol/cm 




3.666 .0638 .0052 .1588 .0315 
12.83 .0856 .0093 .2412 .0705 
24.25 .0949 .0132 .2846 .0952 
36.50 .1018 .0160 .3193 .1163 
46.67 .1082 .0177 .3409 .1251 
60.50 .1192 .0225 .3647 .1271 
72.50 .1178 .0252 .3765 .1417 7.259 
83.00 .1353 .0284 .3874 .1176 7.237 
97.83 .1322 .0296 .4002 .1366 7.271 
107.10 .1345 .0327 .4077 .1396 7.275 
120.00 .1442 .0345 .4125 .1250 7.261 
aFram Table Il.2. 
( c) 
bCalculated fram Table 11.2 quantities by: (soln. conc./solids cons.)/ 
SA; where SA is the specific surface area of chrysotile in these 
expe riments, 485,000 cm2/g. 
cApparent equilibrium constant, of the form of eqn. 2.1; calculated 
by: log(OO)-log(SM-OO) + pH - 0.1101; where SM is the number of 
magnesium-type sites, given by O-[>SiO-J, where >Si-O- is defined by 
eqns. 2.3, 2.5, 2.8, and 2.9. The quantity 0.1101 is the activity 































Table 11.4 Typical data for chrysotile dissolution; 
experiment pH 8A, 0.1 M NaCl. 
CA-C B 
( c) 
Acig Sampl e Volume,b 
added, ml wi thd rawn, L f.:~ol/L 
L 
0 0 .2000 0 
8.3 0 .2083 398.46 
12.9 0 .2129 605.92 
15.4 .008 .2074 714.95 
17.2 .008 .2092 794.84 
19.3 .008 .2113 886.32 
21.5 .008 .2135 980.24 
23.1 .016 .2071 1047.30 
24.4 .016 .2084 1103.20 
25.8 .016 .2098 1162.50 
27.0 .024 .2030 1212.80 
28.7 .024 .2047 1285.80 
30.0 .032 .1980 1340.00 
31.1 .032 .1991 1388.60 
31.8 .040 .1918 1418.80 
33.0 .040 .1930 1472.10 
33.7 .048 .1857 1503.00 
34.1 .048 .1861 
I 
1521. 20 
34.6 .056 .1786 1543.90 
35.0 .056 .1790 1562.80 
35.4 .064 .1714 1581.60 
35.8 .064 .1718 1601. 20 
36.3 .072 .1643 1625.60 
36.4 .072 .1644 1630.70 
36.8 .080 .1568 1651.00 
36.9 .080 .1569 1656.30 
37.1 .088 .1491 1667.00 
aVolume of acid or base added, calculated fran Table II.5. 
bVolume of suspension, calculated fran (prev. vol. + vol. acid" added-
vol. sample withd rawn) • 
c Calculated by: (prev. vol. x prevo CAC B + (amt. added since prevo x molarity))/(cur. vol.). 
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Table 11.5 Typical autoburette use and pH record; 
experiment pH 8A, 0.1 1'<1 NaCl. 
2 04/12/83 15;30;00 
204/12/83 15;36;32 
2 04/12/83 15;40;00 
2 04/12/83 15;50;00 
2 04/12/83 15;55;55 
2 04/12/83 16;00;00 
2 04/12/83 16;10;00 
2 04/12/83 16;20;00 
2 04/12/83 16;30;00 
204/12/83 16;36;55 
2 04/12/83 16;40;00 
2 04/12/83 16 ;50; 00 
2 04/12/83 17;00;00 
204/12/83 17;10;00 
2 04/12/83 17;20;00 
204/12/83 17f30;00 
2 04/12/83 17;40;00 
2 04/12/83 17;48;06 
2 04/12/83 17;50;00 
2 04/12/83 18;00;00 
2 04/12/83 18;10;00 
204/12/83 18;20;00 
2 04/12/83 18;30;00 
2 04/12/83 18;40;00 
2 04/12/83 18;49;38 
204/12/83 18;50;00 
204/12/8319;00;00 
2 04/12/83 19;05;47 
204/12/8319;10;00 
2 04/12/83 19;20;00 
204/12/83 19;30;00 
2 04/12/83 19;40;00 
2 04/12/83 19;50;00 
204/12/83 19;55;20 
204/12/83 20;00;00 
2 04/12/93 20;10;00 
2 04/12/83 20;20;00 
2 04/12/83 20;30;00 
204/12/83 2::);40;00 
2 04/12/83 20;50;00 
2 04/12/83 21 ;00;00 
2 04/12/83 21;00;02 
2 04/12/83 21;10;00 
2 04/12/83 21;20;00 
2 04/12/83 2t;30;00 
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Table 11.6 Typical data for catechol adsorption onto chrysotile; pH 8, 
0.01 M NaCl, 1.021 gil chrysotile, roan temperature and atm. 
Concentrati on, mmol/L Catechol Adsorbeda 
catechol catechol 1O-9mol/cm2 1O-6mg C/cm2 
added remai ni ng 
Sample at 0.6 h rs. 
0.408 0.389 0.038 2.8 
0.715 0.70 3 0.028 2.0 
1.021 1.000 0.064 4.6 
1.327 1.272 0.115 R.3 
1.634 1. 522 0.218 15.7 
Sample at 6.4 h rs. 
0.408 0.353 0.111 8.0 
0.715 0.633 0.166 11.9 
1.021 0.912 0.220 15.8 
1.327 1.179 0.299 21.5 
1.634 1.433 0.406 29.2 
Sample at 15.4 h rs. 
0.408 0.293 0.232 16.7 
0.715 0.556 0.321 23.2 
1.021 0.819 0.408 29.3 
1.327 1.107 0.444 32.0 
1.634 1.343 0.588 42.3 
Sample at 21.7 h rs. 
0.408 0.297 0.224 16.2 
0.715 0.551 0.331 23.9 
1.02l 0.795 0.456 32.8 
1.327 1.083 0.493 35.5 
1.634 1. 351 0.572 41.1 
aCalculated using SA = 485000 cm2/g for chrysotile. 
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Table 11.7 Chrysotile mobility experiments reported 
Prior to 
Conditions organic addition 
Mobil i ty, Duration 
Date pH atrna elecb orgC -1 -1 \.Im·s V·an hours 
5-16-83 5.0 N K - +3.1 25 
5-18-83 6.0 N K P +3 24 
5-20-83 7.5 N K P +2.1 41 
5-23-83 8.0 N K P +3 + 0 46 
5-26-83 7.5 N K P +2 32 
5-28-83 8.5 N K - +3.0++0.5 46 
9-21-83 8.0 N N C 0 19 
9-28-83 8.2 C N C -1 21 
10-2-83 8.0 C N C +2 22 
10-7-83 7.5 C N C +3 23 
10-13-83 8.0 C N C +1.5+-1 190 





bK = 0.01 M KN0 3; N = 0.01 M NaCl media. 
cp = phthalate; C = catechol. 
After 
organi c addition 
Mobil ity, Duration 
-1 -1 









-1. 3 75 


















Table II.8 Chrysotile mobility experiments using aged stock suspension. 
Prior to organics After organics Organic loading addition addition 
Mobil ity Duration, Mobi 1 ity, Duration 
Date pH Condo a -1 -1 ]..Im·s Y'cm hours b -1 -1 ]..Im·s Y·cm hours -9 2 10 mol/cm 
11-11-83c 8.0 - +2 - -1 820 - - -
11-15-83 8.0 C +1.2 145 -1.1 53 2 
11-20-83 8.0 C +1.1 216 -0.6 52 0.2 
11-22-83 3.0 C - - -1. 1 39 2 
11-25-83 8.0 C -0.1 336 -1. 9 52 20 
11-25-83 8.0 C -0.1 336 -2.2 52 200 
11-28-83 8.0 0 0.0 415 -0.7 42 20 
11-28-83 8.0 0 0.0 415 -0.9 42 200 
12-01-83 8.0 0 - 483 -0.6 19 2 
12-01-83 8.0 0 - 483 -0.8 19 0.2 
12-04-83 7.5 C -0.5 557 -1.8 68 20 
12-04-83 7.5 C -0.5 557 -2.1 68 200 
12-10-83 8.5 C -1.1 698 -2.2 58 20 
12-10-83 0.5 C -1. 1 698 -2.4 58 200 
12-13-83 e.o NOM -1. 0 771 -1.7 31 -
12-13- 83 8.0 NOM -1.0 771 -2.0 31 -
12-15- 83 8.0 NOM -1.0 820 - 46 -
aO. 01 M NaCl, 350 ppm CI 2 in N2 atm. for all experiments; organics: C catechol, 
o = oxalate, NOM = natural organic matter. 
bDuration stock aged before adding organics to this aliquot. 
CStock suspension; for plot of mobility, see Fig. 4.21. 



















Table 11.9 Alox mobility experiments reported. 
Mobility prior to After organics addition Organic loading 
organics addition, Mobi 1 ity Duration 
Date pH Cond. a -1 -1 ~-s V-an -1 -1 ~·s V·an hours 1D- 9mol/an2 
2-29-84 7.0 C +0.8 +0.5 70 25 
2-29-84 8.0 C +0.4 +0.2 70 25 
3-05-84 8.0 C -0.2 -1. 0 26 25 
3-05-84 9.0 C -0.4 -0.9 26 2.5 
3-07-84 8.0 Na-1 +0.6 -0.7 22 -
3-07-84 8.0 NOM +0.5 -0.6 22 -
3-11-84 8.0 C +0.5 -0.4 39 14 
3-11-84 8.0 C +0.5 -0.8 39 140 
aO. 01 M NaCl, 350 ppn CO 2 in N2 atm for all experiments; organics: C catechol, 











Table 11.10. Coagulation Rate Constant for Chrysotile-Silica Suspension 
(a) n. k (b) k.n. 
d. cum. 1 1 1 1 
1 
106 L- 1 1O-IL•s-1 -6 -1 ~m fraction a 10 s 
1.1 0.34 12.2 0.00 0.00 
2.3 0.59 9.0 0.02 0.18 
3.7 0.77 6.5 0.13 0.85 
5.2 0.91 5.0 0.50 2.50 
6.7 0.94 1.1 1.38 1. 52 
8.2 0.98 1.4 3.09 4.33 
9.7 0.99 0.4 6.06 2.42 
10.2 1.00 0.4 7.41 2.96 
Total - 36 - 14.76 
aFrom Figure 3.4. 




Tables 111.1 - 111.28 give data from the dissolution experiments 
carried out in NaCl or KN03 electrolyte that were used in the results 
and interpretation of Chapter 4. Data for experiments in NaHC03 and 
H2S04 are available upon request. Figure 111.1 - 111.23 are mobility 
results for the chrysotile and alox experiments. 
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TABLE 111.1. PH 7, 0.1 M NACL 
ACID SOLIDS CONCENTRAT ION, Ut10L/L 
TIt1E ADDED VOL. CONC. --------------------------
HR. ML L PH GIL t1G-T SI-T (OH-) CA-CB Q 
0 0 .2 7 10 0 0 0 
3.667 7 .199 7 9.662 493 27.13 .1289 1643. 656.6 
12.5 14 .198 7 9.334 864.1 52.69 . 1289 2266 . 538.2 
23.5 17.2 .1932 7 9.185 768.4 83.88 . 1289 2548 . 1012. 
36.5 19.8 .1878 7 9.063 902.4 120.4 .1289 2780. 975.4 
49.67 23 .183 7 8.911 976.4 147.4 . 1289 2901 . 948.4 
62.17 26 .178 7 8.768 1027. 176.9 . 1289 3016 . 962.3 
69.17 27.3 .1713 7 8.704 1088. 190.6 . 1289 3066 . 890.1 
84.83 30.2 .1662 7 8.559 1162. 222.0 .1289 3182. 857.3 
99.67 32.7 . 1607 7 8.432 1197 . 253.5 . 1289 3283 . 888.4 
108.7 33.8 . 1538 7 8.375 1207 . 262.2 .1289 3328. 914.2 
117.8 35 .147 7 8.310 1301 . 280.6 .1289 3380 778.5 
TABLE IILIA. PH 7, o . 1 t1 NACL 
ACID SAMPLE 
TIt1E ADDED I..J ITHDR ~)OLUt1E CA-CB 
HR. ML L L Ut10L.lL 
0 0 .2 0 
1.6667 2.5 .2025 1234.6 
3.6667 7 .008 .199 1642.5 
6 10 .008 .202 1915.1 
8 11.6 .008 .2036 2057.3 
10 12.8 .008 .2048 2162.4 
12.5 14 .016 .198 2266.3 
16 15.3 .016 .1993 2382.0 
20 16.3 .016 .2003 2469.9 
23.5 17.2 .024 .1932 2548.4 
30 18.7 .024 .1947 2682.8 
36.5 19.8 .032 .1878 2780.1 
38.733 20.2 .032 .1882 2795.4 
42 21 .032 .189 2825.9 
49.667 23 .04 .183 2901.1 
56 24.6 .04 .1846 2962.6 
62.167 26 .048 .178 3015.6 
69.167 27.3 .056 .1713 3066.2 
76 28.6 .056 .1726 3118.4 
84.833 30.2 .064 .1662 3181.6 
92 31.4 .064 .1674 3230.5 
.99.667 32.7 .072 .1607 3282.7 
108.67 33.8 .08 .1538 3328.3 
117.83 35 .088 .147 3380.0 
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TABLE 111 .2. PH 7.5, o . 1 t1 NACL 
ACID SOLIDS CONCENTRATION. UMOL.lL 
TIME ADDED ',)OL. CONC. --------------------------
HR. ML L PH G/l MG-T 3I-T (OH-) CA-CB Q 
0 0 .2 6.143 10 0 0 .0179 ~" . .' ~
3.42 3.1 .1931 7.526 9.847 441 .3 27.15 .4324 1527. 644.7 
11 .25 4.7 .1847 6.765 9.766 640.4 48.67 .0750 2286. 1006. 
24.15 5.1 .1751 7.452 9.745 764.8 79.85 .3650 2497. 968.2 
49 8.3 .161 7.507 9.979 850.7 142.0 .4142 2632. 931.5 
72 .58 11 .1534 7.406 9.832 907.3 189.2 .3285 2749. 935.0 
96.58 13.4 .1453 7.487 9.712 961.6 227.1 .3951 2855. 933.2 
119.4 15.3 .1586 7.444 8.370 974.8 257.4 .3582 2943. 994.3 
TABLE III.2A. PH 7.5, o . 1 t1 NACL 
ACI D SAt1PlE 
TIME ADDED I,~ ITHDR 'JOLUt1E CA-CB 
HR. t1L L L Ut10L/L 
0 0 .2 .72 
1 1 .93 .20193 956.49 
2 2.6 .2026 1284.0 
3.42 3.1 .01 .1931 1527. 1 
4.5 3.43 .01 .19343 1695.0 
6 3.7 .01 .1937 1832.1 
8.5 4 .01 .194 1983.9 
11 .25 4.6 .02 .1846 2286.1 
16 4.7 .02 .1847 2339.0 
20 4.9 .02 .1849 2444.6 
24.15 5 .03 .175 2497.4 
30 5.6 .03 .1756 2523.0 
36 6.4 .03 .1764 2556.9 
42 7.2 .03 .1772 2590.5 
49 8.2 .04 .1682 2632.1 
54 8.8 .04 .1688 2658.3 
60 9.5 .04 .1695 2688.6 
66 10.2 .04 .1702 2718.7 
72 .58 10.9 .05 .1609 2748.5 
78 11.5 .05 .1615 2775.4 
84 12.2 .05 .1622 2806.6 
90 12.7 .05 .1627 2828.7 
96.58 13.3 .06 .1533 2855.1 
102 13.8 .06 .1538 2878.3 
108 14.2 .06 .1542 2896.8 
114 14.7 .06 .1547 2919.7 
119.42 15.2 .07 .1452 2942.5 
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TABLE I II .3. PH 8B. o . 1 M NACL 
ACID SOLIDS CONCENTRATION. Ut10L/L 
T It1E ADDED VOL. CONC. --------------------------
HR. ML L PH GIL MG-T SI-T .: OH-) CA-CB Q 
0 0 .2 7.999 10 0 0 0 
2.167 5.3 .1973 8.019 9.742 267.7 14.18 1 .346 516.3 -17.5 
9 8.2 .1842 7.935 10.00 376.3 35.54 1 .109 798.6 47.68 
22.33 10.3 .1783 8.024 9.888 469.4 60.44 1 .361 1015 78.62 
31.83 11.4 .1714 7.999 9.827 505.9 76.36 1 .284 1131 . 122.2 
45.83 12.8 .1648 8.027 9.747 579.2 97.95 1.372 1284. 129.0 
57.83 13.5 .1575 7.985 9.706 615.9 110 .3 1 .245 1363. 134.8 
70.33 14.2 .1502 8.019 9.663 669.2 132.7 1 .346 1446. 111 .2 
77 .67 14.6 .1426 8.029 9.638 659.1 134.8 1.377 1495. 180.7 
93.5 15.4 .1354 7.962 9.584 687.5 150.3 1 .180 1598. 227.2 
105.7 16.2 .1282 8.02 9.527 769.2 176.4 1 .349 1707. 172.5 
117.7 16. '? .1209 7.894 9.476 735.2 180.6 1 .010 1806. 339.6 
TABLE II1.3A. PH 8B. o . 1 t1 NACL 
ACID SAMPLE 
TIt1E ADDED WITHDR VOLUME CA-CB 
HR. ~1L L L UMOL.lL 
0 0 .2 0 
1 4.1 .2041 401.76 
2. 1667 5.3 .008 .1973 516.32 
4 6.4 .008 .1984 624.34 
6 7.2 .008 .1992 702.16 
8 7.9 .008 .1999 769.73 
9 8.2 .024 .1842 798.55 
12 8.8 .024 .1848 860.89 
16 9.5 .024 .1855 933.11 
20 10 .1 .024 .1861 994.59 
22.333 10.3 .032 .1783 1015.0 
24 10.5 .032 .1785 1036.3 
31.833 11.4 .04 .1714 1131.4 
36 11.9 .04 .1719 1186.3 
42 12.5 .04 .1725 1251 .7 
45.833 12.8 .048 .1648 1284.3 
54 13.3 .048 .1653 1340.9 
57.833 13.5 .056 .1575 1363.4 
66 14 .056 .158 1422.4 
70.333 14.2 .064 .1502 1445.9 
77.667 14.6 .072 .1426 1495.2 
84 14.9 .072 .1429 1534.0 
93.5 15.4 .08 .1354 1598.4 
102 16 .08 .136 1679.6 
105.67 16.2 .088 .1282 1706.5 
114 16.6 .088 .1286 1763.4 
117.67 16.9 .096 .1209 1805.8 
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TABLE 111.4. PH 8C. 0.1 M NACl 
ACID SOLIDS 
CONC. 
CONCENTRAT ION, Ut10l/L 
TIME ADDED Val. 































. 16 8.027 
.1527 8.007 
.1449 8.026 
. 137 8.019 
.1299 7.832 
.1223 7.973 
10 0 0 
9.704 266.8 11.6 
9.935 366.3 17.72 
9.808 431.1 26.81 
9.721 476.7 30.64 
9.622 524.2 40.13 
9.581 552.6 52.18 
9.540 573.7 60.44 
9.527 590.2 65.26 
9.521 618.7 76.62 
9.459 679.3 88.66 
9.429 656.3 92.79 
TABLE I I I . 4A . PH 8e, 0.1 M NACL 
ACID SAMPLE 
TIME ADDED WITHDR VOLUME CA-CB 


























































.008 .1995 728.14 
.008 .2005 824.26 
.008 .2012 890.98. 
.024 .1855 919.43 
.024 .1863 1001.4 
.024 .1871 1082.6 
.024 .1877 1143.1 
.032 .1799 1163.1 
.032 .18021194.5 
.04 .17351329.2 
.04 .1741 1393.5 
.04 .1749 1478.6 
.048 .1673 1520.9 
.048 .1679 1586.9 
.056 .16 1597.9 
.056 .1605 1655.2 
.064 .1527 1678.1 
.072 .1449 1702.0 
.072 .1449 1702.0 
.08 .137 1714.6 
.08 . 1376 1794.4 
.088 .1299 1834.0 





































TABLE I I I .5. PH 8.SA, o .1 M NACL 
ACID SOLIDS CONCENTRAT I ON, UMOL/L 
TIME ADDED VOL. CONC. ---------------------------
HR. ML L PH GIL MG-T SI-T (OH-) CA-CB Q 
0 0 .2 8.682 10 0 0 6.197 -.002 
3 9.5 .1995 8.531 9.547 271.9 16.09 4.373 453.5 -85.1 
10.25 14.5 .1945 8.505 9.313 333.4 29.48 4.124 686.9 25.77 
24 19 .189 8.512 9.103 387.2 44.65 4.189 897.5 129.6 
48 23.1 .1831 8.519 8.909 464 77 .38 4.255 1091 . 171 . 1 
74.5 25.4 .1754 8.522 8.799 510.1 105.0 4.288 1201. 191 .0 
96 27.2 .1672 8.495 8.709 533.2 130.2 4.027 1291. 235.2 
120 28.6 .1586 8.481 8.637 571.6 153.9 3.903 1363. 231.9 
TABLE III.SA. PH 8.5A, 0.1 ~1 NACL 
AC I D SAt1PLE 
TIt1E ADDED WITHDR VOLU~1E CA-CB 
HRS. ML L L UMOL/L 
0 0 .2 -.002 
1.5 7.3 .2073 352.14 
3 9.5 .01 .1995 453.46 
6 12.2 .01 .2022 580.93 
9 13.9 .01 .2039 659.47 
10.25 14.5 .02 .1945 686.87 
12 15.2 .02 .1952 720.27 
15 16.3 .02 .1963 772.27 
18 17.3 .02 .1973 819.04 
24 19 .03 .189 897.47 
30 20.4 .03 .1904 964.40 
36 21.5 .03 .1915 1016.3 
42 22.4 .03 .1924 1058.3 
48 23.1 .04 .1831 1090.7 
54 23.7 .04 .1837 1119.8 
60 24 .04 .184 1134.3 
66 24.5 .04 .1845 1158.3 
74.5 25.4 .05 .1754 1201 .3 
78 25.8 .05 .1758 1221 .3 
84 26.2 .05 .1762 1241 .2 
90 26.6 .05 .1766 1261.1 
96 27.2 .06 .1672 1290.6 
102 27.5 .06 .1675 1306.2 
108 27.7 .06 .1677 1316.6 
114 28.1 .06 .1681 1337.3 
120 28.6 .07 .1586 1363.0 
124 28.9 .07 .1589 1379.3 
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TABLE 111.6. PH 9, o . 1 t1 NACL 
ACID SOLIDS CONCENTRAT ION, Ut10L/L 
TIt1E ADDED IJOL. CONC. ---------------------------
HR. t1L L PH GIL t1G-T SI-T (OH-) CA-CB Q 
0 0 .2 8.296 10 0 0 2.549 -.002 
3 5 .195 9.026 9.756 245 19.59 13.68 243.9 -229. 
10.25 8.5 .1885 9.026 9.584 298.8 44.13 13.68 415.9 -161 . 
24 11.7 .1817 9.028 9.424 356.4 83.85 13.74 575.9 -110. 
48 16.1 .1761 9.016 9.201 479.4 149.2 13.37 798.7 -124. 
74.5 18.9 .1689 9.026 9.057 502.4 215.5 13.68 942.7 -15.8 
96 20.7 .1607 9.018 8.962 563.9 262.5 13.42 103::: . -36.5 
120 22.7 .1527 9.024 8.852 610 311 .4 13.63 1148. -11 .0 
TABLE III.6A. PH 9, o • 1 t1 NACL 
ACID SAt1PLE 
TIt1E ADDED W ITHOR !,)OLUME CA-CB 
HR. ML L L Ut10L/L 
0 0 .2 -.002 
1.5 3.4 .01 .1934 167.16 
3 5 .01 .195 247.84 
6 6.9 .01 .1969 341 .94 
9 8.1 .01 .1981 400.44 
10.25 8.5 .02 .1885 419.79 
12 15.2 .02 .1952 748.62 
15 9.6 .02 .1896 475.37 
18 10.4 .02 .1904 515.39 
24 11 .7 .03 . 1817 579.71 
30 13.2 .03 .1832 656.84 
36 14.4 .03 .1844 717.64 
42 15.3 .03 .1853 762.73 
48 16.1 .04 .1761 802.43 
54 16.8 .04 .1768 838.85 
60 17.5 .04 .1775 874.98 
66 18.2 .04 .1782 910.82 
74.5 18.9 .05 .1689 946.39 
78 19.2 .05 .1692 962.44 
84 19.6 .05 .1696 983.75 
90 20.1 .05 .1701 1010.3 
96 20.7 .06 .1607 1041.9 
102 21.2 .06 .1612 1069.6 
108 21.7 .06 .1617 1097.3 
114 22.2 .06 .1622 1124.7 
120 22.7 .07 .1527 1152.0 
124 23.1 .07 .1531 1175. 1 
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TABLE 1 II .7. PH 9.5, o .1 M NACL 
ACID SOLIDS CONCENTRAT ION, UMOL.lL 
TIME ADDED VOL. CONC. --------------------------
HR. ML L PH G/L MG-T SI-T (OH-) CA-CB Q 
0 0 .2 9.286 10 0 0 24.88 -19.3 
3.42 . 5 .1905 9.523 9.975 224 33.26 42.91 -124 -517 . 
11 .25 2 .182 9.517 9.897 245.5 35.87 42.41 -44.9 -481 . 
24.15 2.2 .1722 9.509 9.886 282.9 60.01 41.58 -33.9 -536. 
49 2.2 .1622 9.471 9.886 334.9 103.8 38.15 -33.9 -628. 
72.58 2.2 .1522 9.432 9.886 383.5 151 .2 34.86 -33.9 -712. 
96.58 2.2 .1422 9.403 9.886 418.6 185.8 32.61 -33.9 -772. 
119.4 2 .1322 9.429 9.886 436.1 204 34.59 -48.0 -812. 
TABLE II I. 7A. PH 9.5, o . 1 ~1 NACL 
ACID SAMPLE 
TIME ADDED WITHDR VOLUME CA-CB 
HR. ML L L Ut10L.lL 
0 0 .2 -19.31 
1 -.26 .19974 -149.5 
2 .4 .2004 -129.1 
3.42 .5 .01 .1905 -124.0 
4.5 .5 .01 .1905 -124.0 
6 .8 .01 .1908 -108.1 
8.5 1.7 .01 .1917 -60.63 
11 .25 2 .02 .182 -44.91 
16 2.1 .02 .1821 -39.39 
20 2.1 .02 .1821 -39.39 
24.15 2.2 .03 .1722 -33.88 
30 2.2 .03 .1722 -33.88 
36 2.2 .03 .1722 -33.88 
42 2.2 .03 .1722 -33.88 
49 2.2 .04 .1622 -33.88 
54 2.2 .04 .1622 -33.88 
60 2.2 .04 .1622 -33.88 
66 2.2 .04 .1622 -33.88 
72.58 2.2 .05 .1522 -33.88 
78 2.2 .05 .1522 -33.88 
84 2.2 .05 .1522 -33.88 
90 2.2 .05 .1522 -33.88 
96.58 2.2 .06 .1422 -33.88 
102 2.06 .06 .14206 -43.77 
108 2 .06 .142 -48.01 
114 2 .06 .142 -48.01 
119.42 2 .07 .132 -48.01 
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TABLE I II .8. PH 7.5, CATECHOL Mt10l.lL 
ACID SOLI DS CONCENTRATION, UMOl.lL 
T It1E . ADDED VOL. CONC. -------------------------------
HR. t1L L PH GIL MG-T SI-T (OH-) CA-CB CAT-T Q 
0 0 .2 7.687 10 0 0 0 1000 
3.5 11.4 .2014 7.475 9.461 482.4 11.6 . 3843 1079 . 791 132.7 
9.5 16.9 .1969 7.478 9.209 674.7 17.96 . 3873 1582 . 
25 21.6 .1916 7.509 8.995 844.7 23.61 . 4156 2011 . 556 335.1 
33.5 22.2 .1822 7.487 8.966 927.1 27.62 . 3950 2067 . 
47.83 22.9 .1729 7.509 8.932 1025. 34.2 . 4156 2136 . 472 97.56 
59.17 22.9 .1629 7.500 8.932 1022. 39.18 . 4076 2136 . 
71 .67 23 .153 7.504 8.927 1143. 49.51 . 4108 2147 . 365 -129. 
83.5 23.2 .1432 7.478 8.915 1081 . 51.98 .3873 2170 
95.33 23.8 .1338 7.398 8.878 1115. 58.96 .3222 2244 . 299 21.87 
107.3 23.8 .1238 7.521 8.878 1191 . 72.48 . 4273 2244. 
119.5 23.8 .1138 7.509 8.878 1229. 85.79 . 4156 2244 . 269 -207. 
TABLE II 1. 8A. PH 7.5, CATECHOL 1 t1MOL/L 
AC I D SAt1PLE 
TIME ADDED WITHDR VOLUME CA-CB 
HR. ML L L UMOL/L 
0 0 .2 0 
1 6 .206 582.52 
2 8.6 .2086 824.54 
3.5 11.4 .01 .2014 1078.5 
6 14.3 .01 .2043 1347.1 
8 15.9 .01 .2059 1492 . 1 
9.5 16.9 .02 .1969 1581 .5 
12 18.1 .02 .1981 1693.1 
14 18.9 .02 .1989 1766.7 
16 19.6 .02 .1996 1830.7 
20 20.7 .02 .2007 1930.2 
25 21.6 .03 .1916 2010.9 
30 22 .03 .192 2048.4 
33.5 22.2 .04 .1822 2067.1 
42 22.7 .04 .1827 2116.1 
47.833 22.9 .05 .1729 2135.7 
54 22.9 .05 .1729 2135.7 
59.167 22.9 .06 .1629 2135.7 
66 23 .06 .163 2146.7 
71.667 23 .07 .153 2146.7 
78 23.2 .07 .1532 2170.0 
83.5 23.2 .08 .1432 2170.0 
90 23.6 .08 .1436 2219.6 
95.333 23.8 .09 .1338 2244.4 
102 23.8 .09 .1338 2244.4 
107.33 23.8 . 1 .1238 2244.4 
114 23.8 . 1 .1238 2244.4 
119.5 23.8 . 11 .1138 2244.4 
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TABLE 111.9. PH 7.5, CATECHOL 10 t1MOL/L 
ACID SOLIDS CONCENTRAT ION. Ut10L/L 
TH1E ADDED 'JOL. CONC. --------------------------------
HR. ML L PH GIL t1G-T SI-T (OH-) CA-CB CAT-T Q 
0 0 .2 7.498 10 0 0 0 10000 
3.5 12.5 .2025 7.516 9.412 623.2 18.76 .4223 1177 . 8190 122.3 
9.5 16.8 .1968 7.507 9.216 868.7 29.19 .4141 1568. 
25 19.8 .1898 7.507 9.078 1066. 46.21 .4141 1845. 7660 -108. 
33.5 20.3 .1803 7.507 9.054 1106. 52 .4141 1892 . 
47.83 .8 . 1711 7.490 9.014 1173. 62.44 .3980 1661 7410 -510. 
59.17 2.9 .1632 7.498 8.905 1233. 78.73 .4060 1520. 
71.67 3.6 .1539 7.498 8.867 1354. 110 .5 . 4060 1470 . 745 9 -1062 
83.5 4.7 .145 7.498 8.804 1335. 127.9 .4060 1389 
95.33 4.7 . 135 7.618 8.804 1280 . 141 .0 .5352 1389 6880 -1008 
107.3 .6 .1256 7.507 8.765 1350. 164.1 .4141 1471 . 
119.5 .7 .1157 7.495 8.758 1409. 184.1 . 4028 1486 . 7350 -1158 
TABLE I I I . 9A . PH 7.5. CATECHOL 10 t1t'10L/L 
ACID SAt1PLE 
TH1E ADDED I...J ITHDR I..)OLUt1E CA-CB 
HR. t1L L L Ut10L/L 
0 0 .2 0 
1 7 .207 676.33 
2 9.8 .2098 934.22 
3.5 12.5 .01 .2025 1176.5 
6 15 .01 .205 1406.0 
8 16. 1 .01 .2061 1505.3 
9.5 16.8 .02 .1968 1567.9 
12 17.5 .02 .1975 1633.2 
14 18. 1 .02 .1981 1688.8 
16 18.6 .02 .1986 1734.9 
20 19.3 O? . ~ .1993 1799. 1 
25 19.8 .03 .1898 1844.6 
30 20.2 .03 .1902 1882.8 
33.5 20.3 .04 .1803 1892 .3 
42 20.3 .04 .1803 1892.3 
47.833 .8 .05 . 1711 1661. 0 
54 1 ,-, • 'J .05 .1722 1586.5 
59.167 2.9 .06 .1632 1519.6 
66 .3.5 .06 .1638 1477.4 
71.667 3.6 .07 .1539 1470.4 
78 4.1 .07 .1544 1433.2 
83.5 4.7 .08 .145 1389.0 
90 4.7 .08 .145 1389.0 
95.333 4.7 .09- .135 1389.0 
102 .6 .09 .1356 1471.3 
107.33 .6 . 1 .1256 1471.3 
114 .7 . 1 .1257 1486.1 
119.5 .7 . 11 .1157 1486.1 
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TABLE 111.10. PH 8, CATECHOL o . 1 MMOL/L 
ACID SOLIDS CONCENTRATION, Ut10L/L 
TH1E ADDED VOL. CONC. -------------------------------
HR. ML L PH G/L t1G-T 81-T (OH-) CA-CB CAT-T Q 
0 0 .2 7.910 10 0 0 0 100 
2.833 7 .197 7.974 9.662 364.1 19.03 1 .214 676.3 60 -46.1 
13.67 13.3 .1933 8.026 9.362 593.1 46.46 1 .367 1275. 43 94.11 
23.92 16.3 .1863 7.981 9.219 756.7 68.97 1.233 1561 . 26 52.17 
35.5 18.2 .1782 7.986 9.126 780.9 89.02 1.248 1748. 
47.58 19.5 .1695 8.021 9.060 882.2 121 . 1 1 .351 1880. 13 119.7 
59.33 20.2 .1602 7.984 9.023 881.4 129.1 1.243 1954. 
71.5 20.6 .1506 7.965 9.000 960.5 160 1 .190 1999. 0 82.09 
81.42 21 . 141 7.972 8.977 917 166.1 1 .209 2047. 0 216.9 
95.25 21 .6 .1316 8.006 8.939 1008. 195.3 1 .307 2123. a 111 .8 
106.3 21.9 .1219 8.012 8.918 976.3 199.3 1.324 2164. 0 215.7 
119.8 22.1 . 1121 8.021 8.904 1016. 222.7 1 .351 2193. 0 166.4 
TABLE I I I . lOA. PH 8, CATECHOL o .1 MMOL/L 
ACID SAMPLE 
TIME ADDED WITHDR VOLUME CA-CB 
HR. t1L L L UMOL/L 
0 0 .2 0 
1 4.2 .2042 411 .36 
2.8333 7 .01 .197 676.33 
4 8.2 .01 .1982 793.32 
6 9.7 .01 .1997 937.59 
8 10.9 .01 .2009 1051.5 
10 11.9 .01 .2019 1145.3 
12 12.7 .01 .2027 1219.7 
13.667 13.3 .02 .1933 1275. 1 
16 14.2 .02 .1942 1361 .9 
20 15.4 .02 .1954 1476.4 
23.917 16.3 .03 .1863 1561 .3 
30 17.4 .03 .1874 1669.5 
35.5 18.2 .04 .1782 1747.5 
42 19 .04 .179 1829.0 
47.583 19.5 .05 .1695 1879.7 
54 20 .05 .17 1932.9 
59.333 20.2 .06 .1602 1954.2 
66 20.5 .06 .1605 1987.9 
71.5 20.6 .07 .1506 1999.1 
78 20.8 .07 .1508 2023.0 
81.417 21 .08 .141 2046.8 
90 21.5 .08 .1415 2110.2 
95.25 21.6 .09 .1316 2122.9 
102 21.8 .09 .1318 2150.0 
106.33 21.9 . 1 .1219 2163.5 
114 22 . 1 .122 2178.2 
119.83 22.1 . 1 1 .1121 2192.8 
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TABLE I I I .11 . PH 8, CATECHOL 1 MMOl/L 
ACID SOLIDS CONCENTRAT ION, UMOL/l 
TIME ADDED VOL. CONC. -------------------------------
HR. t1l l PH G/l t1G-T SI-T O:OH-) CA-CB CAT-T Q 
0 0 .2 7.297 10 0 0 0 1000 
2.833 7 .197 7.990 9.662 414.4 22.65 1 .260 676.3 900 -87.4 
13.67 13.7 .1937 7.989 9.344 714.9 63.25 1.255 1312. 790 -59.8 
23.92 16.2 .1862 7.994 9.225 897.6 113.1 1 .270 1550 680 -194. 
35.5 16.9 .1769 8.014 9.190 970.2 146.6 1.332 1619. 
47.58 17.7 .1677 8.014 9.149 1016. 185.3 1 .332 1702. 480 -292 . 
59.33 18 .158 8.006 9.133 1032. 208.4 1.306 1735. 
71 .5 18.2 .1482 7.994 9.121 1154. 255 1 .270 1758. 380 -518. 
81.42 18.6 .1386 7.947 9.097 1233. 280.1 1.142 1807. 
95.25 19. 1 .1291 8.007 9.064 1261 . 307.4 1 .311 1872 . 280 -623. 
106.3 19.3 .1193 8.014 9.050 1213. 310.9 1.332 1900. 
119.8 20 . 11 7.990 8.997 1265. 330.4 1 .260 2006. 250 -499. 
TABLE III.I1A. PH 8, CATECHOL 1 MMOL/L 
ACI D SAMPLE 
TH1E ADDED \,~ ITHDR VOLut1E CA-CB 
HR. ML L L UMOl/L 
0 0 .2 0 
1 4 .204 392 .16 
2.8333 7 .01 .197 676.33 
4 8.3 .01 .1983 803.01 
6 9.9 .01 .1999 956.66 
8 11.2 .01 .2012 1079.7 
10 12.2 .01 .2022 1173.3 
12 13 .01 .203 1247.5 
13.667 13.7 .02 .1937 1311.9 
16 14.5 .02 .1945 1388.8 
20 15.6 .02 .1956 1493.4 
23.917 16.2 .03 .1862 1550.0 
30 16.8 .03 .1868 1609.3 
35.5 16.9 .04 .1769 1619.1 
42 17.4 .04 .1774 1670.9 
47.583 17.7 .05 .1677 1701.9 
54 18 .05 .168 1734.6 
59.333 1.8 .06 .158 1734.6 
66 18.2 .06 .1582 1757.7 
71.5 18.2 .07 .1482 1757.7 
78 18.5 .07 .1485 1794.5 
81.417 18.6 .08 .1386 1806.8 
90 19 .08 .139 1859.1 
95.25 19.1 .09 .1291 1872.2 
102 19.3 .09 .1293 1900.2 
106.33 19.3 . 1 .1193 1900.2 
114 19.7 . 1 .1197 1960.7 
119.83 20 . 11 . 11 2005.8 
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TABLE III.12. PH 8, CATECHOL 10 ~1MOL/L 
ACID SOLIDS CONCENTRATION, U~10l/l 
TIME ADDED '')OL. CONC. -------------------------------
HR. ~1L L PH G/l ~1G-T SI-T .; OH-) CA-CB CAT-T 0 
0 0 .2 8 10 0 0 0 
3.083 7.2 .1972 8.116 9.653 561.5 28.1 1 .682 695.0 8800 194.6 
11 .25 10.5 .1905 8.014 9.494 849.7 46.31 1 .331 1013. 8400 -92 .4 
23 . 183 8.029 9.371 998.7 57.53 1.379 823.5 7840 -619 . 
34.08 - .1735 7.997 9.345 1 1 10 82.87 1 .280 768 
47.25 .4 .1639 8.014 9.324 1140 . 91 .83 1 .331 651.2 7690 -1083 
57.92 1.1 .1546 7.997 9.284 1179. 105.4 1 .280 435.8 
71 .08 2.7 .1462 8.016 9.189 1263. 147.4 1 .336 -80.8 7530 -2072 
82.08 4.6 .1381 8.006 9.071 1185. 155.7 1 .305 -721 . 
95.08 6.4 .1299 7.997 8.954 1202. 202.6 1 .280 -1355 6250 -3313 
105.3 6.4 .1199 8.026 8.954 1302. 252.1 1 .368 -1355 
118.9 6.4 .1099 8.069 8.954 1300. 282.7 1 .509 -13:,5 6560 -3485 
TABLE I I I . 1 2A . PH 8, CATECHOL 10 ~1~10l/L 
ACID SA~1PLE 
TH1E ADDED I,.jITHDR ~)OLU~1E CA-CB 
HR. ~1L L L Ut10LlL 
0 0 .2 0 
1 4 .204 392.16 
3.0833 7.2 .01 .1972 694.98 
4 7.9 .01 .1979 763.27 
6 9 .01 .199 869.60 
8 9.6 .01 .1996 927.11 
10 10.2 .01 .2002 984.27 
11 .25 10.5 .02 .1905 1012.7 
14 10.8 .02 .1908 1042.6 
16 10.8 .02 .1908 1042.6 
20 10.8 .02 .1908 1042.6 
23 0 .03 .183 823.46 
30 0 .03 .1834 795.68 
34.083 0 .04 .1735 768 
42 . 1 .04 .1736 738.76 
47.25 .4 .05 .1639 651.22 
54 .9 .05 .1644 497.18 
57.917 1.1 .06 .1546 435.82 
66 1.9 .06 .1554 176.17 
71 .083 2.7 .07 .1462 -80.81 
78 3.9 .07 .1474 -487.2 
82.083 4.6 .08 .1381 -721.2 
90 5.9 .08 .1394 -1181. 
95.083 6.4 . 09 .1299 -1355 . 
102 6.4 .09 .1299 -1355. 
105.25 6.4 . 1 .1199 -1355. 
114 6.4 . 1 .1199 -1355 . 
118.92 6.4 . 11 . 1099 -1355 . 
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TABLE 111.13. PH 8.5, CATECHOL 10 ~1MOL/L 
ACID SOLIDS CONCENTRAT ION, Ut1OL/L 
TIt1EADDED VOL. CONC. -------------------------------
HR. ML L PH G/L ~1G-T 8I-T (OH-) CA-CB CAT-T Q 
0 0 .2 8.447 10 0 0 0 
3.083 1.4 .1914 8.501 9.930 502.6 38.83 4.087 139.0 8600 804.1 
11 .25 3.7 .1837 8.447 9.813 798.9 68.54 3.602 374.9 8580 444.5 
23 0 .1761 8.507 9.686 985.6 98.82 4.136 47.61 8140 -339. 
34.08 .8 .1691 8.481 9.524 1076. 137.6 3.898 -444. 
47.25 3.8 .1629 8.493 9.314 1112 . 178.9 4.007 -1307 7330 -2098 
57.92 6.5 .1556 8.481 9.163 1137. 216.9 3.898 -2100 
71.08 10.7 .1498 8.484 8.922 1136. 253.4 3.929 -3359 6580 -4341 
82.08 13.9 .143 8.481 8.735 1180 269.7 3.898 -4335 
95.08 15.7 .1348 8.484 8.627 998.2 278.7 3.929 -4903 5370 -5842 
105.3 16.6 .1257 8.527 8.569 981.3 291.7 4.336 -5202 
118.9 17.1 .1162 8.501 8.535 1003. 322.1 4.087 -5379 5100 -6377 
TABLE III.13A. PH 8.5, CATECHOL 1 0 ~1~10L/L 
ACID SAMPLE 
TIME ADDED WITHDR VOLUME CA-CB 
HR. ML L L U~10L/L 
0 0 .2 0 
1 0 .2 0 
3.0833 1.4 .01 .1914 139.03 
4 2 .01 .192 201 .09 
6 3.4 .01 .1934 344.41 
8 3.7 .01 .1937 374.86 
10 3.7 .01 .1937- 374.86 
11 .25 3.7 .02 .1837 374.86 
14 3.7 .02 .1837 374.86 
16 3.7 .02 .1837 374.86 
20 3.7 .02 .1837 374.86 
23 0 .03 .1761 47.61 
30 0 .03 .1789 -109.6 
34.083 .8 .04 .1691 -444.4 
42 2.5 .04 .1716 -937.6 
47.25 3.8 .05 .1629 -1307. 
54 5.3 .05 .1644. -1751 . 
57.917 6.5 .06 .1556 -2100. 
66 9 .06 .1581 -2858. 
71.083 10.7 .07 .1498 -3359. 
78 12.7 .07 .1518 -3974. 
82.083 13.9 .08 .143 -4335. 
90 15.2 .08 .1443 -4746. 
95.083 15.7 .09 .1348 -4903. 
102 16.3 .09 .1354 -5102. 
105.25 16.6 .1. .1257 -5202. 
114 16.9 . 1 .126 -5308 . 
118.92 17.1' . 11 .1162 -5379. 
198 
TABLE II I .14. PH 7.5, OXALI C ACI D ~1MOL/L 
ACID SOLI DS CONCENTRAT ION, UMOL/L 
TIME ADDED VOL. CONC. -------------------------------
HR. ML L PH GIL MG-T SI-T (OH-) CA-CB OXA-T Q 
0 0 .2 7.5 10 0 0 0 1000 
3.5 14.5 .2045 7.484 9.324 527.6 18.35 . 3927 1352 1000 1364 . 
9 19.7 .1997 7.499 9.093 678.7 26.17 . 4069 1814. 930 1450 . 
24.83 26.8 .1968 7.445 8.781 877 33.28 .3588 2439. 860 1603. 
34.83 29 .189 7.552 8.684 938.9 41 .1 .4595 2633. 
48.67 30.9 .1809 7.411 8.597 1019 48.21 . 3317 2806. 750 1569 . 
58.67 31.9 .1719 7.479 8.550 1081 . 58.17 .3881 2900. 
72.67 33 .163 7.411 8.495 1108. 68.84 .3317 3009 720 1562. 
82.5 33.6 .1536 7.547 8.464 1148. 76.66 . 4541 3071 . 
98.17 34.5 .1445 7.479 8.415 1141 . 88.03 . 3881 3170 . 690 1625. 
108.2 35 .135 7.516 8.386 1177 . 99.41 .4232 3228 
120.8 35.5 .1255 7.476 8.355 1219. 110.8 . 3851 3290 . 630 1525. 
TABLE II I . 14A . PH 7.5, OXALI C ACI D 1 ~1t10L/L 
ACID SAMPLE 
TH1E ADDED I..JITHDR VOLUME CA-CB 
HR. ML L L UMOLIL 
0 0 .2 0 
1 8.1 .2081 778.47 
2 11 .211 1042.7 
3.5 14.5 .01 .2045 1352.0 
6 17.2 .01 .2072 1595.0 
8 18.9 .01 .2089 1744.8 
9 19.7 .02 .1997 1814.4 
12 21.6 .02 .2016 1985.8 
14 22.7 .02 .2027 2083.6 
16 23.6 .02 .2036 2162.8 
20 25.2 .02 .2052 2301 .8 
24.833 26.8 .03 .1968 2438.8 
30 28.1 .03 .1981 2554.0 
34.833 29 .04 .189 2632.9 
42 30.1 .04 .1901 2733.4 
48.667 30.9 .05 .1809 2805.8 
54 31.4 .05 .1814 2853.2 
58.667 31.9 .06 .1719 2900.3 
66 32.5 .06 .1725 2959.8 
72.667 33 .07 .163 3009.0 
78 33.4 .07 .1634 3050.6 
82.5 33.6 .08 .1536 3071 .3 
90 34.1 .08 .1541 3126.3 
98.167 34.5 .09 .1445 3169.9 
102 34.8 .09 .1448 3204.8 
108.17 35 . 1 .135 3228.0 
114 35.3 . 1 .1353 3265.2 
120.83 35.5 . 11 .1255 3289.9 
199 
TABLE 111.15. PH 7.5, OXALIC ACID 10 MMOL 
ACID SOLIDS CONCENTRATION, UMOL/L 
TIME ADDED VOL. CONC. -------------------------------
































































































TAB LEI I I . 1 SA . PH 7. 5, OXA LI C A C I D 1 0 MM 0 L/ L 
ACI D SAMPLE 
TIME ADDED WITHDR VOL. CA-CB 




























































.01 .21 1818.2 
.01 .2133 2099.5 
.01 .2156 2290.4 
.02 .2065 2364.1 
.02 .2089 2566.7 
.02 .2102 2674.5 
.02 .2112 2756.5 
.02 .2129 2894.2 
.03 .2043 3006.0 
.03 .2055 3105.2 
.04 .1964 3178.9 
.04 .1974 3264.1 
.05 .1882 3331.6 
.05 .1886 3367.0 
.06 .1789 3393.4 
.06 .1794 3439.7 
.07 .1698 3476.5 
.07 .17 3496.0 
.08 .1602 3515.4 
.08 .1605 3546.2 
.09 .15073566.6 
.09 .1508 3577.5 
.1 .141 3599.3 
.1 .1411 3610.9 





















TABLE 111.16. PH 8, OXALIC ACID, t1MOL/L 
ACID SOLIDS CONCENTRAT ION, Ut10L/L 
TH1E ADDED VOL. CONC. -------------------------------
HR. t1L L PH GIL MG-T SI-T (OH-) CA-CB OXA-T Q 
0 0 .2 9.095 10 0 0 0 1000 
4.667 11.9 .2019 7.946 9.438 469.6 26.68 1 .138 1123. 
11.17 16.2 .1962 7.933 9.242 603.2 34.64 1 .103 1517. 980 1358. 
24.67 21.3 .1913 8.039 9.007 756.5 51.29 1 .411 1985. 900 1435. 
36.67 23.8 .1838 8.002 8.891 795.8 60.7 1.295 2218. 
49.67 26.2 .1762 8.039 8.777 913.7 80.97 1 .411 2447. 940 1625. 
62.5 27.5 .1675 7.746 8.712 896 84.59 . 7183 2575 . 
72.33 28.4 .1584 7.951 8.666 1010 102.3 1 .152 2668. 850 1559. 
84.83 29 . 149 7.980 8.633 1002 . 111 .0 1 .231 2734. 
• 96.83 29.4 . 1394 8.039 8.610 1089 . 134.2 1. 411 2780 860 1525. 
107 29.8 . 1298 7.975 8.585 1073 . 137.1 1 .216 2829. 
121 .3 30.3 .1203 7.972 8.552 1165. 160.3 1 .207 2895. 830 1455. 
TABLE II I.16A. PH 8, OXALIC ACID 1 t1t10L/L 
AC I 0 SAt1PLE 
TIME ADDED I,.jITHDR VOLUME CA-CB 
HR. t1L L L UMOL/L 
0 0 .2 0 
1 6 .206 582.52 
2 8.3 .2083 796.93 
4.6667 11.9 .01 .2019 1123.2 
6 12.9 .01 .2029 1216.2 
8 14.4 .01 .2044 1354.1 
10 15.5 .01 .2055 1453.9 
11.167 16.2 .02 .1962 1516.8 
14 17.5 .02 .1975 1638.5 
16 18.4 .02 .1984 1721.8 
20 19.9 .02 .1999 1858.9 
24.667 21.3 .03 .1913 1985.1 
30 22.8 .03 .1928 2125.3 
36.667 23.8 .04 .1838 2217.5 
42 25.1 .04 .1851 2342.4 
49.667 26.2 .05 .1762 2446.7 
54 26.8 .05 .1768 2506.3 
62.5 27.5 .06 .1675 2575.3 
66 27.9 .06 .1679 2616.8 
72.333 28.4 .07 .1584 2668.4 
78 28.7 .07 .1587 2701 . 1 
84.833 29 .08 .149 2733.8 
90 29.1 .08 .1491 2745.4 
96.833 29.4 .09 .1394 2780.0 
102 29.6 .09 .1396 2804.7 
107 29.8 . 1 .1298 2829.3 
114 30.1 . 1 .1301 2868.9 
121.33 30.3 . 11 .1203 2895.2 
201 
TABLE I I I .17. PH 8, OXALI C ACID 10 MMOL/L 
ACID SOLIDS CON CENT RAT ION, Ut10L/L 
TIME ADDED VOL. CONC. -------------------------------
HR. t1L L PH GIL t1G-T SI-T (OH-) CA-CB OXA-T Q 
0 0 .2 9.197 10 0 0 0 10000 
4.667 18.9 .2089 7.932 9.137 691.6 17.27 1 .102 1727. 10200 11232 
11.17 25.3 .2053 8.018 8.865 856.7 20.16 1 .343 2270 9700 10912 
24.67 31.8 .2018 7.958 8.593 1014. 22.34 1 .169 2814. 8900 10288 
36.67 34.5 .1945 7.898 8.479 1085. 28.85 1. 0 19 3041 
49.67 37 .187 7.918 8.372 1146. 36.81 1 .068 3256. 8500 10040 
62.5 38 .178 7.984 8.327 1171 . 39.71 1 .241 3345. 
72.33 39 .169 7.853 8.281 1177 43.55 .9192 3438. 9100 10799 
84.83 40.4 .1604 8.018 8.213 1273. 47.16 1 .343 3574. 
96.83 42.3 .1523 7.944 8.117 1265. 48.62 1 .133 3767. 8500 10311 
107 44.1 .1441 7.984 8.022 1222. 48.62 1 .241 3956. 
121 .3 45.7 .1357 7.881 7.934 1273. 52.24 .9790 4133. 8800 10981 
TABLE I I I . 1 7A . PH 8, OXALI C ACID 10 t1t10L/L 
AC I 0 SAt1PLE 
TIME ADDED 1,oJ ITHDR VOLUME CA-CB 
HR. t1L L L UMOLIL 
0 0 .2 0 
1 9.7 .2097 925.13 
2 13.4 .2134 1255.9 
4.6667 18.9 .01 .2089 1726.8 
6 20.5 .01 .2105 1865.7 
8 22.7 .01 .2127 2053.3 
10 24.5 .01 .2145 2203.9 
11.167 25.3 .02 .2053 2270.0 
14 27.1 .02 .2071 2424.1 
16 28.1 .02 .2081 2508.6 
20 30.1 .02 .2101 2675.1 
24.667 31.8 .03 .2018 2814.1 
30 33.3 .03 .2033 2940.9 
36.667 34.5 .04 .1945 3041 .0 
42 35.9 .04 .1959 3162.2 
49.667 37 .05 .187 3256.2 
54 37.4 .05 .1874 3292.0 
"62.5 38 .06 .178 3345.3 
66 38.4 .06 .1784 3382.6 
72.333 39 .07 .169 3438.4 
78 39.5 .07 .1695 3487.2 
84.833 40.4 .08 .1604 3574.4 
90 41.2 .08 .1612 3655.9 
96.833 42.3 .09 .1523 3766.7 
102 43.1 .09 .1531 3851.5 
107 44.1 . 1 .1441 3956.3 
114 44.9 . 1 .1449 4044.9 
121 .33 45.7 . 11 .1357 4132.5 
202 
TABLE 111.18. PH 8.5, OXALIC ACID MMOL/L 
ACID SOLI OS CONCENTRAT ION, UMOL/L 
TIME ADDED VOL. CONC. -------------------------------








































































TABLE I I I.18A. PH 8.5, OXALI C ACI D 1 t1t10L/L 
ACID SAt1PLE 
TIME ADDED WITHDR VOLUME CA-CB 






























































































































































TABLE 111.19. PH 8.5, OXALl C AC1 D 10 ~1t10L/L 
ACID SOLIDS CONCENTRATION, UMOL/L 
TIME ADDED I,)OL. CONC. -------------------------------
HR. ML L PH G/L MG-T Sl-T (OH-) CA-CB OXA-T Q 
0 0 .2 8.5 10 0 0 0 10000 
3.833 11.6 .2016 8.537 9.452 492.1 22.84 4.434 1096. 10400 11223 
10.17 15.6 .1956 8.468 9.268 600.9 19.95 3.789 1464. 
24.67 19.7 .1897 8.503 9.078 818.4 22.84 4.099 1845. 9800 10678 
36.33 21.1 .1811 8.508 9.011 832.2 22.84 4.148 1978. 
50.17 22.2 .1722 8.528 8.957 884 25 4.348 2087. 9100 10041 
58.17 23.1 . 1631 8.477 8.910 975.5 30.06 3.865 2180 . 
74 24.5 .1545 8.477 8.834 1026. 33.66 3.865 2331 . 9300 10216 
86 25.3 .1453 8.445 8.789 1076. 38.75 3.586 2422. 
97 25.8 .1358 8.383 8.759 1095 . 42.39 3.115 2483. 9600 10550 
107 26 . 126 8.525 8.746 1053. 42.39 4.314 2508. 
121 .3 26.3 .1163 8.486 8.725 1150. 49.66 3.941 2550 9400 10294 
TABLE I II . 1 9A . PH 8.5, OXALl C ACI D 10 MMOl/L 
ACID SAMPLE 
ADDED WITHDR VOLUME CA-CB 
TH1E ~1L L L UMOLIL 
0 0 .2 0 
1 7 .207 676.33 
2 9.3 .2093 888.68 
3.8333 11.6 .01 .2016 1096.4 
6 13.3 .01 .2033 1254.5 
8 14.5 .01 .2045 1364.5 
10.167 15.6 .02 .1956 1464.2 
12 16.3 .02 .1963 1530.3 
14 17 .02 .197 1595.9 
16 17.7 .02 .1977 1661. 1 
20 18.7 .02 .1987 1753.4 
24.667 19.7 .03 .1897 1844.7 
30 20.5 .03 .1905 1921.0 
36.333 21.1 .04 .1811 1977 . 7 
42 21.6 .04 .1816 2027.4 
50 . 167 22.2 .05 .1722 2086.5 
54 22.7 .05 .1727 2138.4 
58.167 23.1 .06 .1631 2179.7 
66 23.9 .06 .1639 2266.7 
74 24.5 .07 .1545 2331.3 
78 24.8 .07 .1548 2365.6 
86 25.3 .08 .1453 2422.4 
90 25.5 .08 .1455 2446.5 
97 25.8 .09 .1358 2482.6 ' 
102 25.9 .09 .1359 2495.5 
107 26 . 1 .126 2508.4 
114 26.2 . 1 .1262 2536.1 
121 .33 26.3 . 11 .1163 2550.0 
204 
TABLE I I I .20 . PH 7~ O. 1 ~1 KN03 
ACID SOLI OS CONCENTRAT ION, Ut10L/L 
TIt1E ADDED ')OL. CONC. -------------------------
HR. t'1L L PH G/L t1G-T SI-T (OH-) CA-CB Q 
0 0 .2 7 10 0 0 0 
3.667 6.6 .1986 7 9.681 460.1 27.84 .1289 1607 686.9 
12.5 12.4 .1964 7 9.406 567.5 57.69 .1289 2129. 994.0 
23.5 15.4 . 1914 7 9.264 '-7 0/ , 83 . 1289 2398. 1044 . 
36.5 17.9 .1859 7 9.145 773.5 103.6 . 1289 2625. 1078 . 
49.67 21.1 .1811 7 8.990 862.9 156.3 . 1289 2750 . 1024. 
62.17 23.8 .1758 7 8.858 919.8 179.3 . 1289 2856 1017 . 
69.17 25 .169 7 8.798 1080. 191. 8 . 1289 2905 . 745.2 
84.83 2~'. 2 .1652 7 8.585 950.9 209.6 . 1289 3077 . 1175 . 
99.67 38.8 .1668 7 8.113 1154. 188.1 . 1289 3457 . 1149. 
108.7 39.3 .1593 7 8.089 1168. 220.5 . 1289 3476. 11 41 . 
117.8 39.8 .1518 7 8.064 1278. 227.7 . 1289 3497 . 941.5 
TABLE I I I . 20A . F'H 7 . O. 1 ~1 KN03 
ACID SAt1PLE 
TIt'1E ADDED I,.JITHDR ''')OLUME CA-CB 
HR. t1L L L UMOL/L 
0 0 .2 0 
1 .6667 'j C" i." • ..! .2025 1234.6 
3.6667 6. ,:) .008 .1986 1607.0 
,:) 9. 1 .008 .2011 1835.6 
8 10.4 .OOS .2024 1952.3 
10 11 .4 .008 .2034 2041 .0 
12.5 12.4 .016 .1964 2128.9 
16 13.6 .016 .1976 2237.4 
20 14.6 .016 .1986 2326.9 
23.5 15.4 .024 .1914 2397.8 
30 16.8 .024 .1928 2525.6 
36.5 17.9 .032 .1859 2624.7 
38.733 18.2 .032 .1862 2636.6 
42 19 .032 .187 2668.1 
49.667 21.1 .04 .1811 2749.5 
56 -,-, C" ......... a ,_I .04 .1825 2805.1 
62. 167 23.8 .048 .1758 2856.0 
69.167 ?C" _._' .056 .169 2904.5 
76 26.1 .056 .1701 2950.3 
84.833 29.2 .064 .1652 3076.5 
92 36.S .064 .1728 3381.0 
99.667 38.8 .072 .1668 3456.8 
108.67 39.3 .08 .1593 3476.3 
117.83 39.8 .088 .1518 3496.7 
205 
TABLE 111.21. PH 7.5, o .1 t1 KN03 
ACID 
TIt1E ADDED ''')OL. SOL I D---Ut10L/L --- Ut10LlL 
HR. ML L PH G/L MG-T 8I-T SI- (OH-) CA-CB Q 
0 0 .2 5.445 10 0 0 .0036 3.59 
5 3.7 .1937 7.084 9.818 461 .6 65.27 .3649 . 1565 1820 . 897.2 
13 7.1 .1871 7.490 9.649 544.2 58.56 .3274 .3983 2098 1010 . 
24.5 10.6 .1806 7.516 9.472 600 99.34 .5553 . 4225 2243 . 1044. 
48.15 14. 1 .1741 7.499 9.292 691.5 137.7 .7696 . 4062 2391 . 1009. 
72 17.8 .1678 7.490 9.098 769.6 179.7 1 .005 . 3983 2549 . 1011 . 
97 20.1 .1601 7.419 8.975 819.7 215.8 1 .206 .3378 2650. 1012. 
120.2 ?? c: __ •. J .1525 7.507 8.843 910 255.7 1 .430 . 4143 2758 . 940.0 
TABLE III .21A. PH 7.5, o . 1 t1 KN03 
ACID SAt1PLE 
TH1E ADDED I,,JITHDR '..)OLUt1E CA-CB 
HR. t1L L L Ut10L/L 
0 0 .2 3.59 
1 1.9 .2019 944.62 
2 2.6 .2026 1286.9 
3.5 3.2 .2032 1578.3 
5 3.7 .01 .1937 1819.9 
7 4 .01 .194 1971. 7 
10 5.7 .01 .1957 2041.5 
13 7.1 .02 .1871 2098.0 
16 8.3 .02 .1883 2148.4 
20 9.5 .02 .1895 2198.1 
24.5 10.6 .03 .1806 2243.1 
30 11.8 .03 .1818 2294.3 
36 13 .03 .183 2344.8 
42 14 .03 .184 2386.5 
48.15 14. 1 .04 .1741 2390.6 
54 15.7 .04 .1757 2459.9 
60 16.5 .04 .1765 2494.1 
66 17.2 .04 .1772 2523.7 
72 17.8 .05 .1678 2548.9 
78 18.4 .05 .1684 2575.5 
84 19. 1 .05 .1691 2606.2 
90 19.4 .05 .1694 2619.3 
97 20.1 .06 .1601 2649.7 
102 20.6 .06 .1606 ?'~? ' .. 0/ ...... 0 
108 21.2 .06 .1612 2699.8 
114 21.9 .06 .1619 2731.4 
120 . 17 oJ? C' .:..._ • ...J .07 .1525 2758.2 
127 23.2 .07 .1532 2791.3 
206 
TABLE I II .22. PH 8, o . 1 M KN03 
ACID SOLI OS CONCENTRATION, Ut10l/L 
TIME ADDED I..)Ol. CONC. -------------------------
HR. Ml. L. PH G/l t1G-T SI-T 
0 0 .2 7.858 10 0 0 
2.7 2.7 .1947 7.928 9.867 282.1 18.08 
12.58 8.6 .1926 7.976 9.577 381 .3 40.61 
26.58 12. 1 .1881 7.920 9.406 435.6 66.52 
48.33 14 .182 8.006 9.312 511 . 1 99.38 
60.42 14.8 .1749 7.914 9.271 540.7 120.3 
70.5 15.1 .1671 7.987 9.255 570.4 136.2 
85.17 15.7 .1597 7.891 9.222 610.8 172.2 
95.42 16. 1 .1521 7.942 9.199 637.7 171 .5 
109.8 16.6 .1446 7.996 9.169 651.2 184.5 
120 16.7 .1367 8.003 9.162 683.6 193.1 
TAB lEI I I . 22A . PH 8, 0 . 1 t1 KN 0 3 
AC I D SAt1PlE 
TIME ADDED WITHDR VOL. CA-CB 
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. 1367 2051.3 
(OH'- ) CA-CB Q 
.9292 0 
1 .092 671 .3 108.5 
1. 219 1240. 479 .1 
1 .072 1575. 705.7 
1 .306 1759. 739.7 
1 .057 1839. 760.5 
1 .251 1870. 732.7 
1 .003 1935. 717. 1 
1.127 1980. 708. ,j 
1 -::077 . -, . 2039. 741 .0 
1 .297 2051 . 688.8 
207 
TABLE I I 1 .23. PH 8, 0.01 t1 KN03 
ACID SOLIDS CONCENTRAT ION, Ut10L/L 
T It1E ADDED 'JOL. CONC. -------------------------
HR. t1L L PH GIL t1G-T S1-T 0: OH-) CA-CB Q 
0 0 .2 10 0 0 .72 
5.167 15.9 .2059 7.994 9.264 332.3 24.09 1 .070 736.5 73.34 
24 25.9 .2059 7.968 8.834 454.9 68.18 1 .009 1166. 257.9 
48.75 31.3 . 2013 8.004 8.609 572 .1 116.8 1 .095 1391 . 250.2 
72.5 33.5 .1935 7.989 8.516 654.7 163.3 1 .057 1484. 178.9 
95.75 35 .185 8.011 8.450 717.6 197.7 1 .112 1550. 119.3 
119.8 36.9 .1769 8.004 8.364 725.5 226.5 1 .095 1636. 189.9 
TABLE I I I . 23A. PH 8. 0.01 t1 KN03 
ACID SAt1PLE 
TIt1E ADDED WITHDR VOLUME CA-CB 
HR. t1L L L Ut10L/L 
0 0 .2 0 
1 6.9 .2069 333.49 
2 9.9 .2099 471.65 
3.5 13 .213 610.33 
5.167 15.9 .01 .2059 736.45 
7 18.5 .01 .2085 851.97 
10 22.2 .01 .2122 1011.5 
13 23.7 .01 .2137 1074.6 
16 23.8 .01 .2138 1078.7 
20 24.5 .01 .2145 1107.9 
24 25.9 .02 .2059 1165.5 
30 26.4 .02 .2064 1186.9 
36 26.9 .02 .2069 1208.2 
42 28.8 .02 .2088 1288.2 
48.75 31.3 .03 .2013 1391 .3 
54 32.4 .03 .2024 1438.1 
60 32.8 .03 .2028 1455.0 
66 33.1 .03 .2031 1467.6 
72.5 33.5 .04 .1935 1484.4 
78 33.6 .04 .1936 1488.8 
84 34.2 .04 .1942 1515.1 
90 34.6 .04 .1946 1532.5 
95.75 35 .05 .185 1549.9 
102 35.7 .05 .1857 1581 .7 
108 3,:5.4 .05 .1864 1613.3 
114 36.7 .05 .1867 1626.8 
119.75 36.9 .06 .1769 1635.8 
208 
TABLE 111.24. PH 8.5, o . 1 M KN03 
ACID SOLIDS CONCENTRATION~ UMOL/L 
TIt1E ADDED ~)OL . CONC. -------------------------
HR. ML. L. PH G/L t1G-T S1-T (OH-) CA-CB Q 
0 0 .2 7.598 10 0 0 .5102 0 
2.7 1.7 .1937 8.506 9.916 244.3 19.77 4.135 425.6 -58.5 
12.58 4.7 .1887 8.456 9.765 309 32.59 3.680 724.1 110 .4 
26.58 7 .183 8.340 9.647 357.5 49.77 2.816 956.2 244.9 
48.33 8.9 .1769 8.378 9.547 403.3 54.41 3.080 1152. 349.3 
60.42 9.3 .1693 8.351 9.526 451 .8 63.43 2.893 1195. 294.9 
70.5 9.3 .1613 8.490 9.526 486.8 71 .17 3.977 1195. 226.1 
85.17 9.5 .1575 8.446 9.285 503 54.54 3.596 1218. 216.3 
95.42 9.5 .1455 8.319 9.526 524.6 52.3 2.687 1218. 172.1 
109.8 9.8 .1378 8.437 9.507 540.7 91.87 3.526 1256. 180 . 1 
120 9.8 .1298 8.302 9.507 538 96.52 2.585 1256. 184.7 
TABLE I I I . 24A . PH 8.5, o . 1 t1 KN03 
ACID SAt'lPLE 
TH1E ADDED 1,oJ !THDR ',)OL. CA-CB 
HR. t1L L L Ut10L/L 
0 0 .2 0 
.8 .2008 251.79 
2 1.2 .2012 376.94 
2.7 1.7 .008 .1937 425.58 
4 2.5 .008 .1945 506.09 
7 3.6 .008 .1956 615.72 
10 4.4 .008 .1964 694.68 
12.583 4.7 .016 .1887 724.12 
16 5.4 .016 .1894 795.37 
20 6.1 .016 .1901 866.08 
24 6.7 .016 .1907 926.28 
26.583 7 .024 .183 956.24 
30 7.1 .024 .1831 966.64 
36 7.8 .024 .1838 1039. 1 
42 8.3 .024 .1843 1090.6 
48.833 8.9 .032 .1769 1151.9 
54 9.1 .032 .1771 1173.2 
60.417 9.3 .04 .1693 1194.5 
66 9.3 .04 .1693 1194.5 
72.5 9.3 .048 .1613 1194.5 
78 9.3 .048 .1613 1194.5 
85.1.57 9.5 .056 .1535 1217.7 
90 9.5 .056 .1535 1217.7 
95.417 9.5 .064 .1455 1217.7 
102 9.6 .064 .1456 1230.6 
109.83 9.8 .072 .1378 1256.4 
114 9.8 .072 .1378 1256.4 
119.75 9.8 .08 .1298 1256.4 
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TABLE 1 I I .25. PH 9, o .1 t'1 KN03 
ACID SOLI OS CONCENTRATION. Ut10LlL 
TIME ADDED VOL. CONC. -------------------------
HR. t1L L PH G/L ~1G-T 51-T ': OH-) CA-CB Q 
0 0 .2 9.444 10 0 0 35.83 -?7 ,., _ •• 0 
5 6.5 .1965 9.027 9.685 257.6 26.64 13.71 449.8 -42.1 
13 9.9 .1899 8.993 9.520 314.5 50.31 12.67 612.2 14.00 
24.5 12.1 .1821 9.005 9.411 362.5 77 .51 13.03 719.7 35.66 
48.15 14.1 .1741 8.996 9.309 426.1 133.3 12.77 820.5 29.08 
72 15.1 .1651 9.001 9.256 484.1 183.2 12.92 873.0 -16.4 
97 16 .156 8.993 9.206 523.6 209.3 12.67 9?? c: • .......... 1 .. 1 -36.7 
120.2 16.7 .1467 9.005 9.165 575.5 243.9 13.03 963 -87.2 
TABLE III.25A. PH .~ , . o . 1 t" KN03 
ACID SAt1PLE 
T It1E ADDED I,~ !THDR '')OL. CA-CB 
HR. ML L L UMOL/L 
0 0 .2 -27.8 
1 3.3 .2033 134.97 
2 5.2 .2052 387.13 
3.5 5.6 .01 .1956 405.84 
5 6.5 .01 .1965 449.78 
7 7.7 .01 .1977 507.75 
10 9 .01 .199 569.76 
13 9.9 .02 .1899 612.21 
16 10.6 .02 .1906 646.69 
20 11.4 O? . "- .1914 685.79 
24.5 12.1 .03 .1821 719.73 
30 12.8 .03 .1828 755.26 
36 13.2 .03 .1832 775.45 
42 13.7 .03 .1837 800.56 
48.15 14.1 .04 .1741 820.54 
54 14.5 .04 .1745 841 .59 
60 14.8 .04 .1748 857.30 
66 14.9 .04 .174.9 862.53 
72 15.1 .05 .1651 872.97 
78 15.2 .05 .1652 878.49 
84 15.5 .05 .1655 895.03 
90 15.7 .05 .1657 906.02 
97 16 .06 .156 922.45 
102 16.2 .06 .1562 '134.08 
108 16.5 .06 .1565 951.45 
114 16.5 .06 .1565 951.45 
120 .17 16.7 .07 .1467 963.00 
127 17.1 .07 .1471 987.58 
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TABLE I II .26. PH 9.5, o . 1 t1 KN03 
ACID CONCENTRAT ION, Ut10L/L 
TH1E ADDED I,)OL. SOLID -------------------------
HR. t1L L PH G/L t1G-T Sl-T (OH-) CA-CB Q 
0 0 .2 7.696 10 0 0 .6400 0 
2.25 1.5 .1915 9.510 9.926 230.8 14.75 41.68 74.44 -340. 
6.58 2.8 .1828 9.509 9.859 274.9 16.55 41 .57 141 .4 -361 . 
11 .92 2.8 .1728 9.503 9.859 279.8 21.96 41.02 141 .4 -369. 
22.08 1 .8 .1629 9.479 9.853 301 28.81 38.81 83.98 -469. 
48 - . 2 .1531 9.420 9.841 356.5 66.6 33.86 -39.3 -694 . 
77 .83 _ C''j .,J,,; .1434 9.487 9.822 402.5 102.2 39.51 -61 .0 -790. 
97.83 -.83 .1337 9.493 9.801 404.9 121 .6 40.11 -82.1 -808. 
211 
TABLE I I I .27 . PH 10 , o . 1 ~1 KN03 
BASE SOLIDS CONCENTRAT ION, Ut10L/L 
TIME ADDED VOL. CONC. -------------------------
HR. ~1L L PH G/L ~1G-T SI-T (OH-) CB-CA Q 
0 0 .2 10.06 10 0 0 146.3 146.3 
1. 42 .35 .19 10.08 10 163.4 15.77 153.8 321 .3 -479. 
4 .33 .18 10.06 10 197.0 41 .51 147.1 310.8 -526. 
11 .3 .41 .17 10.05 10 223.4 93.72 144.3 355.2 -591 . 
21.55 .59 . 161 10.04 10 239.5 168.8 141 .6 461.1 -684. 
49.55 .91 . 151 10.04 10 280.0 285.4 140.7 659.8 -889. 
96.05 1. 41 .141 10.04 10 303.5 326.9 140.7 991 .0 -1239 
TABLE I I I . 27A . PH 10 , o . 1 t1 KN03 
BASE SAt1PLE 
TH1E ADDED I...JITHDR '.)OL. CA-CB 
HR. t1L L L U~10l./L 
0 0 .2 146.29 
1 .42 .36 .01 .19036 325.70 
3 .32 .01 · 19032 304.75 
4 .32 .02 .18032 304.75 
6 .32 .02 .18032 304.75 
7.5 .35 .02 .18035 321.34 
9 .35 .02 .18035 321.34 
11 .3 .41 .03 · 17041 354.49 
15 .44 .03 .17044 372.03 
18 .51 .03 .17051 412.93 
"21 .55 .59 .04 .16059 459.63 
24 .62 .04 .16062 478.22 
30 .71 .04 · 16071 533.96 
36 .78 .04 .16078 577.26 
42 .83 .04 .16083 608. 17 
49.55 .91 .05 .15091 657.59 
54 .93 .05 · 15093 670.75 
60 .96 .05 .15096 690.49 
72 1 .04 .05 .15104 743.09 
84 1.15 .05 .15115 815.32 
96.05 1. 41 .06 .14141 985.64 
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TABLE I I I .28 PH 11 , o . 1 ~1 KN03 
BASE SOLI OS CONCENTRATION, U~10L/L 
TIt1E ADDED '')OL. CONC. -------------------------
HR. t1L L PH G/l t1G-T SI-T (OH-) CB-CA Q 
0 0 . 2 10.97 10 0 0 1208 . 1208. 
1.42 1 .2 .1912 10.94 9.940 64.24 53.67 1120 . 1797. -740. 
4 1.5 .1815 10.95 9.925 60.82 50.01 1160 . 1951 . -851 . 
11 .3 1 .9 . 1719 10.95 9.903 4i ?7 163.1 1158 . 2166. -919. 
21.55 2.6 1 '? ' • 0_0 10.96 9.863 30.06 221 .0 1164. """l C' f~, .:..·.JO·~ • -1243 
49.55 4. 1 . 1541 10.95 '7'.773 ":' oj ..., C' ....... .:..--[ 312.6 1157 . 3454. -2040 
96.05 6.8 .14.58 10.94 9.604 11 .02 486.3 1114. t:' ~ " . _I':' 10', -3562 
TABLE I I 1 . 2:3A . PH 11 , o . 1 ~1 kN03 
BA:3E SA~1PlE 
TH'lE ADDED \..~ !THDR '·)OL. CA-C8 
HR. r1l L L Ur10L./L 
0 0 .2 1207.8 
1 .42 1.2 .01 .1912 1797.0 
3 1 .4 .01 .1914 1899.6 
4 1.5 .02 .1815 1950.'7' 
6 1 .6 ,02 .1816 2004.9 
7.5 1.7 .02 .1817 2058.8 
9 1.8 .02 .1818 2112.7 
11.3 1 . '7' .03 .1719 2166.5 
15 2. 1 .03 .1721 2280.2 
18 i:' _ ..... .03 .1723 2393.6 
21.55 2.6 .04 .1626 2563.2 
24 2.7 .04 .1627 2623.1 
30 3.1 .04 .1631 2861 .9 
36 3.4 .04 .1634 3040.3 
42 3.7 .04 .1637 3218.0 
4'7' .55 4. 1 .05 .1541 3453.9 
54 4.3 .05 .1543 3579.0 
60 4.6 .05 .1546 3766, : 
72 5 .05 .155 4014.5 
84 5.7 .05 .1557 ";446.0 
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Fig. III.2. Chrysotile mobility at pH 6 in 0.01 M KN0 3. 
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Fig. III.4. Chrysotile mobility at pH 8 in 0.01 M KN03. 
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Fig. 111.5. Chrysotile mobility at pH 7.5 in 
0.01 M KN03. 
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Fig. 111.6. Chrysotile mobility at pH 8.5 in 0.01 M KN0
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Fig. III.12. Chrysotile mobility at pH 8 in 0.01 ~1 
NaCl; a) UV absorbance measurements of 
solution concentration; b) mobility. 
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Fig. IILl3. Chrysotile mobility at pH 8 in 0.01 M NaCl. 
a) UV absorbance measurements of solution 
concentration; 
b) mobility. 
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Fig. III.14. Chrysotile mobility at pH 8 
in 0.01 M NaCl. 
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Fig. 111.16. Chrysotile mobility at pH 8 in 0.01 M 
NaCl. 
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Fig. III.17. Chrysotile mobility at pH 7.5 in O.OIM NaCl. 
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Fig. 111.18. Chrysotile mobility at pH 8.5 in 
0.01 M NaCl. 
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Fig. IIL19. Chrysotile mobility at pH 8 in 
0.01 M NaCl. 
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Fig. 111.20. Alox mobility at pHis 7 and 8 in 0.01 M NaCl. 
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Fig. III.22. Alox mobility at pH 8 in 0.01 M NaCl. 
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Fig. III.23. Alox mobility at pH 8 in 0.01 M NaCl. 
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APPENDIX IV 
BRUCITE SURFACE TITRATIONS 
A series of initial investigations was undertaken to detennine the 
acid-base behavior of an >Mg-OH surface in a system with no silica 
present. These preliminary experiments were also designed to test the 
appl icabil ity of rapid acid-base titrati ons of the sort carrnonly used 
on >Fe-OH, >Al-OH, >Zn-OH, >Ti-OH and >Si-OH surfaces. It was hoped 
that results of these experiments should be used to predict the 
behavior of >Mg-OH sites on chrysotile. 
Model 
A constant-capacitance model of the surface was used to predict 
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Surface concentrations are in m~/cm2, cr is surface charge in 
coul/cm2 and sa is the surface area concentration in cm2/L. The 
electroneutrality condition (IV.5) includes dissolved magnesium 
species, given by (IV.6) and (IV.7). Otherwise tenns have thei r 
standard definitions (Stumm & Morgan, 1981). 
Ma te ri a 1 sand Met h ad s 
Titrations were done at 25 C in jacketed glass beakers through 
which nitrogen gas was bubbled to exclude carbon dioxide. This gas 
was first passed through a 1.0 M NaOH solut~on and two distilled water 
rinses to remove carbon dioide and humidify the gas. The electrolyte 
was reagent-grade 0.1 M KN0 3 , which was filtered through a 0.22 ~m 
Millipore filter prior to use. KOH and HN03 used to maintain constant 
pH were made from Dilut-it ampoules (J. T. Baker). Initial 
electrolyte OH- concentrations were made by combining appropriate 
volumes of 0.1 M KN0 3 and 0.1 M KOH to make SOD ml of solution. The 
meter was cal ibrated agai nst known OH concentrati ons, made by 
dilution of the KOH reagent. 
The source of particles was Mg(OH)2 powder fran MC/B Chemicals. 
Atomic absorption spectrophotometry (AAS) analysis of three solutions 
of this powder gave a magnesium content that was 99.5 percent of that 
of a pure Mn(OH)2 powder. Surface area detennined by BET nitrogen 
adsorption was 45 m2/g. Surface site density (ST) was estimated to be 
2 -9 2 12 i onl I1T1 , or 2x10 mol I cm • 
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Dissolved magnesium concentrations during these experiments were 
determined by AAS on 15 ml samples withdrawn and filtered through 0.22 
~m Millipore filters that had been previously washed with acid and 
deionized distilled water. 
Initial solutions (pc OH near 2.2) were allowed to equilibrate, 
Mg(OH)2 powder was added, raising the pC OH to a value from 2.7-3.2, 
and allowed to equilibrate for 45 minutes. The suspension was then 
titrated with base to a pC OH of approximately 2.3. The suspension was 
then titrated with acid to a pC OH near 3. Acid and base additions 
were made at two mi nute i nte rval s. The time requi red to reach a 
steady pH-meter reading between each titrant addition varied from 10 
minutes at lCM pCOH to several hours at the higher pCOH's studied, 
however drifts were generally less than 0.1 mv per minute after about 
four minutes time. Only fast-titration adsorption and dissolution 
were studied in these experiments. 
Expe rimental Results 
Figure IV.1 shows fast-titration curves for a series of four 
experiments done with different solids concentrations. The observed 
small differences between forward and reverse titrations in each 
experiment are expected, as the system was not allowed to equilibrate 
at each step. Both adsorption of protons and dissolution of the 
particle may account for the difference. In the absence of 
diss~ution, the four sets of data should yield a single curve. As 
Figure IV.2 illustrates, three sets of data fall close together and 
the fourth set, for 40 giL, fall s further away. Only the 
base-titration points are plotted. Difference in surface charge at a 
given pC OH are approximately ± 25 percent of the range measured, and 
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Fig. IV.l. Fast-titration curves of brucite suspensions; 
0.1 M KN03, 25C, N2 atm.; forward titration was from high 





E 44 030 gil u 6 '- )( 20 gil 
:J 
0 6 610 gil u 6 





- - - -
28 -2.2 2.4 2.6 2.8 3.0 3.2 
pC OH 




x 40 gil 
11 
10 ........ ~---- average 
9~_~ __ ~ __ -L __ ~ __ ~ __ L-___ L-_~ __ ~ 
o 10 20 30 40 
-0-, 10-6 coul /cm 2 
Fig. IV.3. Determination of surface equilibrium constant 
fror. forvJard titration o~ brucite. 
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could be due in part to a suspension effect at higher solids 
concentration. A second possible error is in the magnitude of soluble 
magnesium as measurements were made only at the lower solids 
concentrations. K\2 is estimated to be 10-9•6 (Figure IV.3) based on 
the 30 and 40 gIL data; other data cover a narrower range of surface 
charge and no slope is estimated. The capacitance correspondi ng to 
the average curve on Figure IV.3 is 3.1 farads. Model fit to the 
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SCHEMATICS OF EXPERIMENTAL SETUP 
AND COMPUTER PROGRAMS FOR EXPERIMENTAL CONTROL 
Simple electronic circuits were used to interface pH and 
autoburette equipment with the Apple 11+ computer. Figure V.I shows 
the overall schematic that enabled using one of two possible control 
schemes: a) one pH meter connected to a switching box that allowed 
sequentially determining the pH in reactors I and 2 at about one 
minute intervals, and b) two pH meters, one connected to each reactor. 
In the second case, the switching obx was not used and the pH of each 
was determined at six-second intervals. 
Figures V.2 and V.3 are circuit diagrans for the individual 
components. Section 3.4.1 is a functional description of the 
experimental setups. 
The Apple 11+ basic prograns used for control are 1 isted in Tables 
V.1 and V.2. The first program takes data from two pH meters and 
controls two ABUII autoburettes via the computer's gane-paddle 
outputs. The second progran uses the switching box to take data from 
two reactors with a singl e pH meter; two autoburettes are controll ed 
v i a the g ane-paddl e outputs. Sl ight mod ificat ions were necessary to 
use the John Bell 6522 parall el interface to control the ABUII 
autoburettes or the Slo-Syn stepping motors driving the micrometer 
syringes. 
pH Meter A 
electrodes 
pH Meter B ono~ output 
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AII3 12-bit 
AID Cool/erter t::c t200mv L ____ .J==;--- gloss electrode------f------, reference electrode Switching ~ __ ----I 
BOlt 
Ref 
Reactor I Reactor 2 
Fig. V.I. Schematic of pH measurement and autoburette control. 
input from 
pH meter 
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Fig. V.2. Schematic of amplifier, filter; typical of two; 






6'1 DC Relay 
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b) SwitchinQ Box 
Fig. V.3. Schematic of a) relay to toggle autoburettes, typical 
of two; and b) switching box for pH electrodes. 
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Table V.I. Basic program for two pH meters and ABUII's. 
:00 F = 16384: REM ~EY80AR~-
7F.'OE:E 
110 8 = 256:8X = 8 * 8 
120 ~$ = CHR$ ~4' 
137 PRINT D$:"8LOAD 
of ,-,'-, .-, ,-, i 
! 7 =. . . .:, • ~ J. 
139 (1 = 0.437056:xl = 2143.20 
170 RI = - 16295:R2 = - 162 9 0 
180 R3 = - 16293:R4 = - 16294 
200 E 1'*· = 11 ": E2·*· = 
2::;:2 
2 ~: 4 f'l 1 = 1 ,:;, 
235 PO~E 27.Nl 4 1 
24(, I r~PUT "PR I r··;T I r·fTER')AL C. 1 1 
1 C r'l I t-'·J 
241 I F ;:: 
'I I C . '
1 Ar··lL' 
P' 10 THEN GOTO 240 
• != = 0.1 T~EN J = 18 
F --- ., -, ,.:. ..... ..:' 
I F r 244 = 1 THEN J = 16 
:'::'51 Ir·'F'UT "U5Ir~i:; AE:Ul1'~' ":0-* . 
.:::. 5 .::. : F L E F"'"* 'Dt.:' dO" 7HEr~ 
254 I j-iF.'UT "F ::;E,: I ::' I Ot··j I r·l'·), = ": [I 
255 rr·iF:_7 "'H":ID DF I·E:}A~;E It'4 '""" 
8 u:: i:t 1. # 2 : ": E 1 t . E 2'*· 
.::. 5 ,~ ::= E 11: I A " At"-·JD E :* . 
!":.~"( ~:C~;:; .. ['l ·:.;;;:'!=;~:E 
..... ·r·-,'""'!"'" 
J-o:.c.=cr 
=~2C, ;:'f"1":- = ;::'EEi:. < 50 1,~,4 I: F'Et···t 13ET 
TableV.l. (cant.) 
.;+ 0 0 F' F' I NT D·$·:" I il ** :: " 
41 Co F'~: I NT Dl:" F'F:#::' 
420 INPUT T* 
4.:10 F'F' I tH ['$.:" ;:'F#O" 
445 "TAE: :::: l-ii~E: 
4 5 (I F' ;] h. E 2 .:' ~ ~ .. J ~ 
4.::, (i CA L L. ~~:=~ ~ 4.:.l 
5C1 0 
510 ;: C '-, c: 2:;;. :l2 
':ALL::::=:2 ~ ,:;;, 
" 7, + F' E E~, ',S" 
5 .:' (I ':; 1 = ", ' ..) 1 - .. ':. 1 I ;' 1 
.:.0 (I ~"i = !.)AL 
,:;;,20 (3C:::,UE: 7,:: ':1 






630 IF M T~EN 00508 800 
,:-4 Ci L = r"~: ,..' = 0 
,:142 i ... ' 1 = 0 
,~, .;+ ,= I 1 = I 1 + 1 
1 ;... I 1 12 ThEN 80T 0 660 
,~,55 
-.. -. 










I r E2$ = ,', " THEr"~ M 
I F t:" 1 t = " c' " THEil ..... '-' 
T >=" . E2$· = " E; " THEil 
= F'EEr< , F : ;:;!::}1 
= 1::-:- THE;; 
I. F;' ~ E':;T HPT iI ~ '::'!. 
: := L E :=..,... "$. . C~ t· 4 1 = 
,,~ ..... E' .:;;,: HT ~E 1 2 
F' P r i···JT 'I ~! ~~: : r···JT 
l=F I fIT 
r'FlrF" --------
= 
721:1 F'P: r·jT : r···~T t. i .. ) ') : 
7 3 C' F' F' I r";1 " 
C3C '=,U E: 
C..;O'=;UE, 
t3i -: '::1 ;E: - -
- rl~ -, - - c" 
20 








Table V.l. (cont.) 
-:-"40 :; = '. Ir··jT '.:;;0' 10:'.1 10 
-.1 'I 
" ..... J. 
;:-'42 
744 I t·jT .: I.) 1 " : 
jJ • , r:: I r-lT 
~ ;.l,~ f=' F<: I i'li ':; 1 
~ .::;. Ci F: E T U Fll 
:::: 0 C ;:. :; I r., i :' £. : " F' F: ** 1 " 
..- -, .,.~. "T'" 
r- -.. ... !'" . I >·~T 
'- . "-" ~ 
.• .-1 : 
I ~·.jT t., ' .. ,1 1 I ; 
'7~. '1' 
..L 1 .~ t 
'=' ~=: : F' F I i···~7 '=. ~ 
" . 
= ... '_i ;:.:: I r'4T [.I'!.: II F'~:**O II 
.= '~ .:: ~ '::t1 E 
':: .;. =: ;:;, ~T :_' prj 
IF':: + ': THEil 
, , = 'I 
f::'E'upr·j 
IF '=-1 + D C 1 iHEt··j 
.2 ::i 1 5 I 1 = ::1 
:'020 :;·t::"'-:jprJ 
-, i -.-, 
..:.. ... ,-' '_! .!""" =, [, eTHEr···: 
-." .- .--
..:... .. '- -' ..... 
. - =, : C 1 THErl 
- , . c::: 
.-, ,-. ! ... r- ,-, - . 
r- ,_I!" C. r'.-._ 
221(: ~DF: I = 
c>c~·= ~'.1.0 
:::' 0 I r·.~7 :)"$.::1 Ph;: **: 'i 





Table V.1. (cant.) 
2270 F'F: Ii'n II ABU 1 1 
.2.271 Al = Al + 
2.27.2 F'R I t·-JT II 
.2275 PF:H.T Al 
.22:;:::5 HDIIE 
.22':;0 PETUF:t~ 
.2:::00 PCWE R4. 1 
** 1 " : 
II • . 
2310 FOR I = 1 TO ~l 
2~:20 t'~E/T I 
2~: :::: 0 r' elf·: E i=:'~:. 0 
2~:'-+O F'RINT [o'l:"F'F'#l" 
2:::50 F'~' H-H Ti·: 
2::: ,=, '=1 P F: Ifn II II • 
.2~:"71 A2 = A2 + 
2::;~2 F'P an " " . 
:~~5 PP I rF ...... 2 
2,~;:::(i F'R I r··~T D!;' P>;'l:iC 
243 
244 
Table V.2. Basic program for two reactors and ABUllis with a 
single pH meter and a switching box . 
. 
:;'0 HI tlEt-l: 3:::: 144 
:00 F = 16384: REM KE';80ARD S 
T;:;':!E:E 
E = 256:8x = 8 * 8 
120 ~"*' = C i-i ~:* f, 4 " 
)::oF I ~".~"T [:i·i.: II E;LOAD 13ET5 II 
f = 5.~40607:~ = 1945. 9 8 
1 5(: ~ = 1 CI 
I~O Rl = - 158-2 
16295:R4 = - 16296 
.. - ,.' 
Hl = 100 
E 1$ = " ": E.2 *' = 
;:;'7 = :) 
~' .. j 1 = 1:;' 
1 • .::, . '
o . 1 At,jL' F' 
: ':! Ti-'Eil I~OTO 
.~ P = J.l THE~ J = 
240 
1 '::. '-' 
:~~ ·c ~ = 10 T~EN J = 15 
.24~ IF ~ = I THEN J = 1~ 
.251 1r,;:::_'T ,;u:::;rrl1~ AE:Ull-::' ";O'l 
252 ! F LEFTt (G!·~. 1 > .,( II THEt··~ 
':::'5~ IhF'U- 'F'RECI :::;1 Ot'l U"II,,),I = "; D 
2':5 17.F:YT"" >-i,erD OF: (8)A:::,E IN A 
t:: i_ : 1 ** 1. #2::' "; E 1*, • E 2*, 
" A " AN DEl '*' 
';::::' -::; :::2* "A" At-,j[) E2l 
" S:'; THEt",J 130TO 255 
~'~IU ri···~F'U"T! =.C:T Hi I~'~ A2 (···(,/'t···J> II :AC 
.:.... '-' THE:1 I rIF'UT I A 1 
C3ET 
16 THEN POkE 50~od 
245 
Table V.2. (cont.) 
400 POhE F: 1 , ~:7 
";'05 IF P:3 
410 F:S = F::3 + 1 
42(; GO:::;U8 12C,O 
450 POI<E 26, N2 
4.:.0 CALL 3:3216 
470 IF R7 = 0 THEN GOTO 500 
4~n u = (8X * PEEK 18' + 8 * PEEK 
(7) + PEEK (0)) / N 
4'::;'5 GOTO 600 
500 1·)1 = 18\ * F'EEI< (:::) + 8 * PEE~< 
.: 7 ) + PEE f< ( . .,::.)) t··/ 
510 :::1 = 11.)1 - :::<1 )'1'1 
.::;.0 (I t"1 = I·)AL '.: t'''1 I D·t· (Tt·,.J, 1 ) ) 
62.0 GO:::UE: 700 
·::'25 I)TAE: 5: HTAE: 1 
630 IF M } L THEN GOSU8 800 
·::;.40 L = r"', 
I , = I • + 1 • • 
I F I 1 1 2 THEN (;OTO 6,:,0 
I F P7 = 0 THEt··l :30TO ' C' c;" .:,,_1._1 
,:::.4::: 
649 
,::;,50 I F E 1*· = !I All THEil (30::UE' 200 
0 
,~,52 T F El $ = 1 " 8 11 THEf'l 130::,UE: 21 0 
0 
GOTO 660 
655 T F E2$ = " A " THEN 130:::UB 20 1 • 
(I 
r F E2*· = " 8" THEN 130:3L,E' 21 . J. 
CJ 
r = PEEr: < F" , : F.: Et·l CHEC~: ~:E'i 
,~, 7' 0 I F ~::. = 127 THEN GOTO 4nn 
,::':::0 nWuT" <: E) E><I T, (C) CHAtJGE, 
I r;: .I F.: E :::TA F.:T ": (1'$ 
,::,':;'0 IF LEFT$ 10*.1,' = "E" THEt"l 
Et'lD 
,~,~'''::: IF L.EFT*· < Ot· • 1) = "~:" THEN 
130TO :::00 
,~,95 130TO 200 





I . 'TAE: ':::': HTAE: 12 
F'Rlt·n "AI1::: It·n 
F'F.:lt'.n II 
PP I t··n " --------
715 ~TA8 8: HTA8 14 
720 F'P I t"iT I j'..jT ,1.).1: 
7 :;:0 F'R' I t·rr " " . . 
" . , 
Table V.2. (cont.) 
('4(1 ':: = ; I iH 
741 FFlrF ':: 
74 2 F'~ H·.JT " 
-, ,"-
" ..... ,.. 
F'F:INT INT 
F' F.~ I r·o.iT 11 
:3: 1 = < I r·.JT 
i='F Ir·lT ::; 1 
7,::;'0 RETURN 
< I.,) 1 ) : 
" . 
:::00 F'F.:INT 0'$: "PF:#l" 
::: H' PP Hn T!: 
" . · F' F: I r"~ T I rn '. \ ... ', : 
:3::::0 F'F: I rn " " . · 
11 • . 
::.:E: 
:::::4 1 
:3 = , I ~n ,:3; * 1 0'·' / 1 (I 
PF: I r·n ::': 
F' F' I rn " 
::: 70 F'F' I j'li " " . · 
11 • . 
10 
:: 7' 'S ::: 1 = , I r··) T '. ::: 1 * 1 ::1 J .' 1 0 
::::;:: 1 F'F: i··n :3: 1 
::: ';' 2 H or· 1 E 
'3: ';' 5 F: ET U FJj 
~ 100 F::3: = 0 
1~2::: F"7 = 
11::,C i30TD 11,::'0 
: 14Ci ;:: = 0 
11,::,0 RETUF:r'j 
1200 PR I ,..jT o'!:" I ~··J#3" 
1 2 1 ,:i F' F' 1 t'H D'!,:" P F: #::: " 
: :2::: 0 F' F' i tn D$: 11 I t···j ** 0 11 
1240 F'PINT ~S:"PR#O" 
1250)TAE: :::: HTAE: 
12,::,0 F'ETupr'j 
246 
2000 IF S + 0 ( C THEN G02GE: __ 
,-i : -, -
-::'i -I ! -i <= T 1 = -1 ~'- - - • , -- . · .:. F:ETUFtl ..:.:.Ul · , -
20 1 0 I F - 1 + D ::; 
2:::0 ::: 
20 1 5 T 1 = ::: i 
20 20 RETURN 
- 1 00 I F - [, - - --
::1 0 
- < '-I C' I 1 = (I "'- i 1_! ,_I - < , ·, RETUFl·1 ..:. · =, - 1 , . 1 T := ': . < - 1 I. i '- i - LJ 
2 300 
Table V.2. (cont.) 
2115 II = 0 
2120 F:ETUFt"l 
2.200 F'(WE FA. 1 
2210 FOR I = 1 TO HI 
2220 ,1E>T I 
22:::0 F'Of<E R3. 0 
2240 F' F: I ("--IT ['-$-:" F' F # 1 " 
2250 F'F~ I t-IT T~: 
22.::.0 F'F: un " " . 
-, .-, ...,,-, 
..;:..:. ,.. I_I 
.-,.-,..., t 




Al = Al + 
FRIt-n " 
2275 F'R Hfr Al 
# 1" : 
" . 
2280 PRINT DS:"F'RMO" 
HOt--1E 
RETURN 
F'OI<E F:.: .• 1 
2290 
2300 
2310 FOP I = 1 TO HI 
2320 tlE>T I 




r'F' HlT D$-:" PP# 1 " 
PRHH T$: 
" . , 
2370 F'R II1T "ABU 11 
23~1 A2 = A2 + I 
2372 F'F I tn " 
2'~: 7=1 ~;;: I r·~T A2 
.... -;." . 
1'1'"" • 
" . 





Table V.3. Assembly listing of program to take data from 









,-.-r .... =, I H 
CL:: 
r' "C' -' 
#50 
OCO[11 
Ar···JD #0 F 
ADC el c 
~:;TA 0 
E:'-C:: HI'-'! 
I i',IC I) ::: 








E:E: I t·c: 
CP.·: 
I ~. ~ , 
CF, 
r-,,.- ,-


















,-.,[", ," ,-, -... 
: 1 ~ '_' 
E:CC EE 
I tlC 0 :::: 
EE i-['A 0[000 
CLC 
Ai::'C (I.:; 















Chrysotite Asbestos in 
California Surface Waters: 
From Upstream Rivers 
Through Water Treatment 
Roger C. Bales, Dale D. Newkirk, and Steven B. Hayward 
Concentrations of chrysotile asbestos fibers in sumce waters in California are estimated (rom 
a mass-balance model that takes into consideration natural weathering of serpentine rock in 
the Sierra Nevada and coastal mountains and removal of fibers by coagulation in reservoirs. 
Fiber concentrations nnge (rom 10' IL in waters (rom the ~tern slope of the Sierra Nevada 
foothills in the central part ofthe state to l012/L in rivers in the north~t part ofthe state. As 
predicted. fiber removals of (rom 90 to 99.8 percent were observed in reservoirs with 
detention times of (rom 0.5 to 3 years. Removal of submicron-sized fibers in water treatment 
plants also ranged (rom 90 to 99.8 percent. depending on the degree of coagulation prior to 
filtration. 
As a result of the natural weathering 
of serpentine rock. chrysotile asbestos 
fibers are found in some surface waters 
origmating in the western slopes of the 
Sierra ~evada and in the coastal moun· 
talns of California. Individual fibers are 
tYPically 0.03-0.04 ~m in diameter. and 
fiber bundles are often up to 0.1 ~m in 
width. Fiber length depends on source: 
deposits In California yield short fibers. 
90 percent of which are from 0.1 to 3.0 
~m long. This small size results in 
chrysotile fibers passing through reser· 
VOlrs and through water treatment 
plants that are designed for turbidity 
removal. 
This articledescnbes the input. trans· 
port. and removal of chrysotlle fibers 
delivered to Southern Califorma through 
the State Water Project. Comparisons 
are made with other water sources. The 
input of fibers to natural waters is 
estimated from the areal distnbution of 
chrysotlle deposits in specific nver 
basins and from the apparent physical 
weathenng rate for rock in those basins. 
Fiber removal occurs by coagulation 
With larger particles dunng transport 
through rivers. reservoirs. and the Cali· 
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fornia Aqueduct. Further removal takes 
place in water filtration plants. ~odel 
predictions are compared with field data 
that had been accumulated by the Air 
and Industrial Hygiene Laboratory 
IAIHll of the State of California De· 
partment of Health Services and The 
~etropolitan Water District of Southern 
California (Mettopolitan). 
Badlll'ound 
The term asbestos is applied to the 
fibrous forms of two chemically and 
structurally different classes of naturally 
occurring silicate minerals: amphll)oles 
and serpentines. These fibrous minerals 
are Important commercially because of 
their strength and resistance to fire. 
Amphiboles are less common in Cali· 
fornia than serpentines. Further. most 
commercial asbestos used in the Cnited 
States originates from serpentine. 
Chrysotile is a magnesium silicate 
serpentine mineral that is structurally 
similar to the clay kaolinite. In Cali· 
fornia. the serpentine group of minerals 
(chrysotile. lizardite. and antigorite) are 
found primarily in magnesium sIlicate 
ultramafic rocks. Cltramafic rocks form 
elongate bodies within and adjacent to 
major fault zones of the western Sierra 
~evada foothills: the most abundant 
component of these bodies is serpentine.' 
In the Klamath ~ountains of northwest 
California. ultramafic rocks generally 
crop out as bodies that follow the contour 
of the mountain range. These rocks are 
serpentinized and in many places are 
highly sheared.2 The largest ultramafic 
body in that area is virtually continuous 
for 160 km. Occurrences in other coastal 
mountains In ~orthern California are 
Similar. The chrysotlle deposit of great· 
est commercial importance is in the 
coastal mountains of central California 
near Coalinga (~ew Idria area). ~ajor 
ultramafic bodies in California are shown 
in Figure 1. 
Of the serpentine minerals. only chry· 
sotile is commonly fibrous: however. not 
all chrysotile is fibrous. Some fibrous 
material may be antigorite.) Serpentine 
layers can intergrow closely with talc. a 
structurally similar magnesium silicate. 
Other asbestos forms are less common 
in the Sierra ~evada and the mountains 
of the Pacific coast than chrysotile. but 
they also may be found associated with 
ultramafics. For example. one sample 
from the Cascade ~ountains consisted 
of four minerals-anthophyllite ian 
amphibole variety of asbestos I. talc. 
chrysotile. and lizardite-in contact or 
within a few tens of angstroms of each 
other.' Brucite. a magnesium hydrOXide 
mineral. may occur in fibrous form 
closely associated with chrysotlle or as 
platey Irregular grains. 
JOlR:-;AL AWWA 
The highly sheared chrysotlle ore 
found in the ~ew Idria area consists of 
friable masses of matted chrysottle sur· 
rounding other rock fragments.; which 
are most commonly lizardite. brucite. 
and magnetite in these alpine· type ultra· 
mafics.· Most other chrysotile ores con· 
sist of veins within massive serpentine 
rocks. Thirty·five to 75 percent of the 
fiber in the New Idria ore is recoverable; 
in most ores contaimng veins of chryso-
tile. recoverabllity is less than 10 per· 
cent. Chrysottle deposits in the Klamath 
Mountains commonly consist of a small 
zone of closely spaced veins up to 1 in. 
thick. with the fibers oriented perpen· 
dicularly to the vein walls.; Antigorite is 
the predominant serpentine type in other 
areas of the mountains of California. 
with little or no Iizardite and chrysotlle 
present .•.•. 9 However. it has recently 
been suggested that the majority of 
California's serpentine rocks are com· 
posed of lizardite only or of lizardite plus 
chrysotile.l°. " 
Occurrences of ultramafic rock in se· 
lected river basins in California are 
shown in Figure 2; the quantities of 
ultramafic rock in north coast and cen· 
tral valley river basins are summarized 
in Table 1. 
The chrysotile content of the princi· 
pally serpentine. ultramafic areas in 
California varies from near 0 to 100 
percent. Ultramafic bodies vary in area 
from a few square metres to several 
square kilometres. Only the larger occur· 
rences are shown in Figures 1 and 2. 
Most serpentine in California does not 
contain sufficient chrysotlle to warrant 
mining.,Historically. most mining claims 
contained less than 5 percent recoverable 
chrysotlle in the serpentine ore. IZ the 
notable exception being chrysotile in the 
Coalinga area. ll 
Since all serpentine contains some 
chrysotlle. naturally occurring chryso-
tile will be found in soils. streams. and 
lakes in many localities." 
Mass-balance model 
The transport of chrysotile particles 
in natural waters can be represented by 
a mass· balance model. such as that 
depicted in Figure 3. In any well·mixed 
stream or reservoir. the mass flux of 
fibers leaving I advection out) equals ad· 
vection in. plus input by weathering, 
plus deposition of airborne particles. 
less coagulation and sedimentation. plus 
resuspension. 
In an upstream river. advection in and 
resuspension are zero at first approxi· 
mation. Deposition of airborne particles 
may be important in certain cases. such 
as in areas with large deposits of ex· 
posed. sheared chrysotile. High rates of 
asbestos deposition. on the order of 1 
mg/m1/d. would be required to influence 
the total fiber flux. even in downstream 
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Fip,. 1. Areas of ultramafic rock relative to major rivers in California 
duct. Deposition also depends on short· 
term climatic variations and is neglected 
in the long·term averages estimated in 
the present model. The observed chryso-
tile flux should thus equal the input by 
weathering less removal by coagulation 
and sedimentation. Fiber concentration 
is assumed to equal fiber flux divided by 
the flux of the water. Owing to the short 
travel times (order of days). coagulatlon 
in upstream rivers is small and. there-
fore. neglected. In a slowly flOWing river 
or an aqueduct below upstream storage 
reservoirs. resuspension Will also con· 
tribute to the fiber concentration. The 
amount of res us pension depends on flow 
velocity. For long· term estimates. It is 
assumed that resuspension is due to 
relatively constant scounng of sediment 
deposited by high flows. The change in 
fiber concentration during water treat· 
ment is due to coagulation with larger 
suspended f10cs and dePosition onto sand 
grains during filtration. 
Methods of calculation 
Inptrt II, w .. therinl. Suspended sedi· 
ment is introduced Into a river both by 
weathering of soils in the tributary 
basin during rainfall and subsequent 
runoff and by erosion of the river bank. 
For long· term estimates of serpentine 
weathering. it is assumed that only the 
former process IS Important. Insufficient 
data are available to allow calculation of 
seasonal or even annual variations. The 
equation used to estimate the long· term 
average input by weathering of chryso-
tile to a river is: 
WRx,4<F<}, 
", = WD 
where nl = fiber concentration in num· 
ber/L. WR = weathering rate in 
tons/km'/vear .. 4 = area of ultramafic 
rock in km·'. F = fractlon of chrysotlle In 
serpentine. Y= fiber Yield in number/ton. 
and WD = water discharge in Liyear. 
The parameters in thiS model are esti· 
mated from field data for drainage baSinS 
in Cali forma. 
Coaplation and sedimentation. Particles 
with settling velocities greater than the 
hydraulic loading of a reservoir should 
settle out and be retained in the reservoir 
sediment. Submicron·sized particles. 
which have a much lower settling velo· 
city. should pass through a reservoir 
without settling. unless they coagulate 
with larger panicles and then settle out. 
R.e. BALES ET AL 6i 
It IS assumed that chrvsotlle fibers are 
charactenstlcally O.S ~m long: fibers 
observed in natural waters In California 
are typically 0.05-0.10 I"m in width and 
0.S-1.0 I"m in length \Figure 41. The 
settling velocity for random orientation. 
calculated uSing Stokes law for a fiber of 
O,S'l"m length suspended In water at 
20°C. is on the order of 10" m/year. 
In reservoirs with detention times of 
approXimately one year. mineral parti· 
c1es larger than about 2-5 I"m in size 
should be removed to a large extent. 
Analyses of two sets of four samples 
taken from the Feather River In May 
and August 1983 showed that particles 
In the 2· to 4'l"m range are more abun· 
dant than larger particles, Figure S). 
wah about S percent of the particles 
being larger than 10 I"m. The total 
number of particles in the 2· to 100'l"m 
range was on the order of 10" L. [n the 
size range below 2 I"m. only asbestos 
fibers were counted (by electron micros· 
copy). For these model calculations It IS 
assumed that fibers are removed by 
coagulation with a constant number of 
larger sphencal particles. This assump· 
tion Implies that although larger parti· 
cles are removed bv sedimentation and 
coagulatIOn. the number and size dlstn· 
butlon of these particles are at steady 
state. The rapid (relative to reservoir 
detention tlmeSI achievement of steadv 
state for coagulating particles in the 2· 
to lOO'l"m range can be seen from the 
expenments of Hunt" and the recent 
calculations of Valioulis.:· For model 
calculations. the concentration of 2· to 
100'l"m particles IS assumed to be IO'L. 
with the size distributIOn that is shown 
on Figure 5 and a denSity of 2.6 g!cmJ. 
corresponding to a high minerai fraction 
In the suspended matter. On a mass 
basis this IS approximately 1-2 mglL. 
The rate I L . 51'" at which chrysotlle 
particles aggregate with larger particles 
can be expressed as: 
12) 
where a is the coagulation efficiency 
(the fractIOn of colliSIOns that result in 
aggregation) and k, is the coagulation 
rate constant IL Sl. The numberoifibers 
per litre is n,. and the number of larger 
particles of size i per litre is n,. The rate 
constants illustrated in Figure 6. to· 
gether with the size distribution data of 
Figure 5. show that collisions between 
0.5·l"m particles and larger particles 
should occur primanly by sedimentation 
of the larger particles rather than by 
flUid shear or Brownian diffusion. [n 
this case the rate coefficient is given by: 
:rg!p,,-IJJld2- d p.!.ld!!-dl'!' '3) 
It,= ;2<103 • 
where ~ and p are the densities Igicm') 
of the pdrtl.:les and the water. respec· 
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'0 20 JO .40 so 
filii" 2. Citra mafic rock in selected drainage basins in California 
tively: I" is viscosity (0.010 g/cmis for 
water at 20°C); and d l and d2 are fiber 
length (em) and larger'particle diameter 
(cm). respectively. Fiber length rather 
than fiber diameter is used for coagula· 
tion if rotational diffusion is faster than 
transitional diffUSIOn. If this IS not the 
case. some smaller length or distribution 
of lengths should be used. Fort he present 
calculations. the highest rates occur for 
d2 » d,. where k, in Eq 31s insensitive to 
fiber length. 
For d2 » d,. substitution of Eq 3 Into 
Eq 2 and integration yield: 
where t is time in seconds. For completely 
destabilized particles la = 1.01. essentially 
complete removal is expected over a one· 
year detention time. However. for like· 
charged particles that repel eaeh other 
on approach. a may be substantially 
lower. For a = 0.001. a removal of 90 
percent is expected In one year: for a S 
10". fiber removal is insignificant. [n 
laboratory coagulation expenments. a 
"alues up to O.S have been reported:': 
however. values of 0.01-0.1 are more 
common. ,,·n Many of these reports are 
for seawater and estuanne waters. which 
have a much higher IoniC strength than 
the waters being conSidered here, sO. i 
versus sOO II. suggesting that a lower a 
"alue rna>' be appropnate. 
:-.10 measurements of coagulation effi· 
clency for fibers in natural waters are 
available. In natural waters. suspended 
particles adsorb dissol ved organics and 
thus acquire surfaces of like charge. 
Limited electrophoretic mobility mea· 
surements of chrysotlle fibers suspended 
in Feather River water suggest that the 
magnitude of the surface charge is rela· 
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S'orthern and wpstem Sacramento Vallev 
SacramentO Rl\ er . 







Eastern Sacramento Vallev 
Feather River . 
~orth Yuba River 
Yuba RI .... er 
Bear RI"er 
Amencan River 














. Clair Engle Lake 
At Hoopa 
, .~t Orleans§ 
1 At Arcata 
: Lake P1IIsburv 
At Scolla . 
At Guerne\ die 
.~bo'e Lake 5 hasta 
: Lake Shasta 
Whlske .... town ReserVOIr 
, At Cottonwood 
Black Butte ReserVOir 




:"ie ..... Bullards Resef"\'olr 
At :-.tar,,, III. 
:-;ew Camp Far West ReserVOir 
Folsom Reser/olr 
, At ~IcConnell 
Pardee ReserVOir 
: Sew Hogan ReserVOir 
, ~ev.: ~telont>S ReS4!'rvOlr 
i Tulloch Lake 
Hetch Hetch .. · R~ervOir 
Don Pedro R~sef"\'olr 
La •• ~IcLlure 
: ~lIlertOn Reser,olr 
: Pine Flat Resef"\"olr 
I Kaweah Reser.'olr 
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'Source L'SGS Water· Data Repts. LA·81·2. (A·81-3. CA·8H: dls<:harg. iOciudes dl\frslOns 
'2.6 km' = 1.0 sq mI. 1.23 km J = 1.0 acre· It 
:Source: Caltf. Dlv :-.tines Gee!.. Geol ~Iaps oi Caltf.. scal. 1.250000 
§Includes Klamath. Salmon, Scott. and Shasta n\'ers 

































[V/cm]) in the pH range i.5-8.0. Stumm'" 
has suggested that Q values on the order 
of 10- i-l0-' may apply to rivers and of 
10-'-10-; may apply to lakes. In the 
follow 109 analysis. it is assumed that Q 
= 0.001 and that coagulation of fibers 
with larger particles occurs at the rate 
predicted by Eq ~. 
RlSlllpension. During periods of heavy 
runoff. water from Arroyo Pasajero, near 
Coalinga. enters the CalifornIa Aqueduct. 
Large quantities of asbestos-containIng 
sediments are introduced into the aque-
duct during these times.'l The sediments 
are deposited and remain on the bed of 
the aqueduct until scoured and resus-
pended by passing water. 
In principle, given the channel charac-
teristics (dimensions. material. slope. 
roughness), the nature of the bed mate-
nal (size, weight), and the flow rate. the 
extent of scouring and resuspension can 
be predicted. However, because of the 
uncertainty and variability of these fac-
tors. no predictions are made as part of 
this model. Rather. attention IS drawn to 
the fact that the relatively abundant 
field data indicate an increase in chryso-
tile concentration of from two- to tenfold 
for flows passing through the aqueduct. 
For example. the more than 160 samples 
collected by the California Department 
of Water Resources IDWR), DiviSion of 
Operation and Maintenance. as part of 
its sediment-removal project (August 
1980-0ctober 1982) show chrvsotlle as-
bestos levels in the aqueduct above Coa-
linga to be on the order of 5 x 10" fibers; L 
and levels in the aqueduct below Coalin· 
ga on the order of 2 x 10' fibers/L." The 
concentration depends on the flow rate 
(scourIng velocity) in the aqueduct. The 
geometric mean of 12 different samples 
removed \July 1981-June 1982) from the 
Delta and Tracy pumptng plants at the 
head ends of the California Aqueduct 
~y 1984 
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and the Delta-~Iendota Canal. respec· 
tlvelv. and analvzed bv AIHL IS 1.8" 10· 
fibers, L.", Ho~·ever. - several samples 
taken upstream and downstream of 
CoalInga In the same month show 
statistically SignIficant increases. Based 
on these observations. an tncrease by a 
factor of tour IS assumed In the model. 
Water treatment. Particle remo\'al dur-
ing water filtration IS estimated by using 
the spherIcal-collector model of O':\lel-
ia. 26 ,- In thiS model. removal in a packed 
bed is related to the efficiency of a stngle 
spherical collector: 
where L IS bed depth Icm), d, is grain 
I collector I diameter leml. and f is bed 
porosity: n, and Q are as noted prevIOUS' 
ly: and rylS contact eifiCiency I dimenSIOn-
less), given for BrOWnIan diffUSIOn 10 
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terms of the Pee let number. Integrating 
Eq 5 yields: 
o [ 3 L ] 1f!'''1 :;: exp - -(l-j)a,,-
2 d, 
(6) 
where '1 can be calculated from the 
hvdraulic characteristlcs of the bed: 
h~wever. experimental results by Yao"' 
suggest that a valueon the orderof2.6 x 
10- 1 IS appltcable for submlcron-sized 
particles. It is assumed that -for water 
filtratIOn Ct = 1: i.e .. particles are fully 
destabilized by addition of chemICals. 
Filters at yfetropolitan contain 50 cm of 
anthracite (d, = 1.0 mm) underlain by 20 
cm of sand Id2 = 0.5 mm). CSlng these 
values and! = 0.40. n,l n,D is predicted to 
be 0.1. Coagulatlon of fibers into parncles 
larger than 1 I'm In size will improve the 
effiCIency of fiber capture in a packed 
bed. For example. Yao" observed '1 = 
0.01 for 7.6-l'm latex spheres. ApplYing 
this value of '1 to Eq 6 for the conditions 
stated above. n,/n,D would be 3 x 10-'. 
Significant coagulatIOn preceding filtra-
tion would be required to incorporate all 
fibers into coagulant partlcles on the 
order of 7-10 I'm in size. In addition. 
single fibers have been observed in 
finished waters from filtration plants. 
Because of the relatively low coagulant 
dosages applied 13-i mg alum.' Li and 
short coagulation times 120 mini. It IS 
assumed that fiber removal IS by a 
combinatIon of indiVidual-fiber depoSI-
tion onto sand graIns and capture by 
larger flocs: t he removal efficiency IS 
expected to be within the predicted range 
of 80-99.97 percent. The larger values 
correspond to greater coagulation before 
or dUrIng filtratlon. 
Results 
Wuth.rinl. Table 2 summarizes 
weatherIng rates for selected rIVer baSinS 
In .'lorthern California. Theseestimates 
were determined from sediment gaugtng 
stations on rivers. as sedimentation rates 
In reservoIrs have not been measured. 
Based on these data. values of 0.1::0.05 
mm/year (265 metric tonsl km'/year 
and 0.5::0.2 mml year r 1320 metric 
tons/km'/vearr are used for the central-
valley rive'r baSinS and the north·coast 
rIver basins. respectively. 
It is assumed that the relatIve areas of 
ultramafic rock In different river basins 
are accurately reflected by these values 
and that the actual area is within 20 
percent of that shown In Table 1. The 
areas were reproducibiltty·measured 
from 1:250 OOO·scale maps: uncertainty 
varies and is in general not known. In 
additIon. It is assumed that ultramafic 
rock IS 100 percent serpentine and that 
serpentine in the areas covered by this 
analYSIS IS 5:::3 percent chrysotile. 
The estimated long·term input by 
weathering of chrysotile to selected riv· 
ers. using Eq 1. is noted in Table 3. 
ConcentratIons are based on lOll fi· 
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TABLE 2 
Weathe"ng rates;or seluted "ver ba.!ins 
River Locacion 
:-';orth CoaSt I 
TnnHY River Cia,. Engl. Lak. 1790 152 0138· 
~1ad River .-\[ Arcata 1260 132 !) 605: 1957~ 
Redwood Creek .~, Onck 720 I')() o 39<j 19:-3~1 
E~I River At Scotia 0060 .; -19 069" 1958"';7 
Eel River At Scotia 8060 6 "9 o J7~ 1975-~m 
Dry Creek 
C~n[ral Valle .. · 
I A[ RUSSian River ~20 028 o 20§ 1975-,ll 
Sacramento R Il,"er Lak. Shasta 16630 ~ 37 o 119· 
Cuttonwood Creek At Cottonwood ~ ~OO I) ~5 0116" 1956-67 
Stan\, Creek Black Butte ReserVOir 1910 055 0.100" 1957 -ti2 
Feather River i Lake Oro\'dJe 7 d 10 3 16 I) 052:: ! 1902--;2 
.-\mencan River Folsom Lake -1820 J 3-1 I) l~t1' 
Cosumnes RI\er A, 'o1cConnell 13dO 0-16 I).02~§§ 1900--;'; 
"Source' L'SGS Water· Data Rep" (.~ 012. C.~·/l13. CA·dI4 
·Re~er\"olr deSign \alue: source' L'S Bureau oi Reclamation. Den\er, Colo, penod oi record not gl\en 
:l'SGS Water·Re-'Sources In\esugatlon 26-75 
~l'SGS Water·Oa,a Rep". CA·~5·L 'hrough CA·/l1·2 
""L'SGS Waler Supply Papor 1986,1971, 
--l'SGS Water·5upplv Papor I 79/l·J ,1972) 
::rSGS Warer Resource5 InvtstlgalJon 78·20 
::Hjl·SGS Warer Rt"Sources InvestIgation .;O·IH 
Fip,. 3. Ylass·balance model shOWing transport of chrysotile particles in natural 
waters 
berslmg (average fiber SIZe 0.05-0.1·l'm 
diameter. 0.5-1.0·l'm length. and specific 
gravity of 2.6) and the flow volumes 
gIVen in Table 1. 
Co.Ip'atiOll. Coagulation removal is 
estimated by using Eq .t and the deten· 
tion times (Table I) for upstream reser· 
voirs. Short,clrculting of flow Into and 
out of a reservOir results in less than the 
estimated removal. Coagulation may also 
be less if partIcles are not as full y 
destabilized as assumed 10 < O.OOIL 
The resulting fiber concentrations are 
also shown In Table 3. Forthe uncertain-
ties noted above. the Input of fibers by 
weathering should be within a factor of 
five at the values stated. Results from 
the AIHL mOnitoring program for surface 
waters for which fiber concentrations 
could be predicted are summarIzed in 
Table 3.!; Overall, estImates are at least 
10 times higher than observatIons. 
Higher predicted values suggest that 
weathering estimates are too high. coag· 
ulation estimates are too low. or both .. 
The only reservoir for which compar· 
able upstream and downstream values 
are available is Lake Orovtlle. Two sets 
of four grab samples-three above the 
reservoir and one below-showed little 
difference between upstream and down· 
stream fiber concentrations. The first 
set was taken during sprIng runoff in 
early :-.tay 1983 and the second in August 
1983. Total particles in the 2-100'l'm 
range were also similar. ThIS suggests 
that removal of fibers by coagulation in 
upstream reservoirs is small. 
Fiber concentrations in water deliv· 
ered through the California Aqueduct to 
:\Ietropolitan are reduced three to four 
orders of magnitude by coagulation In 
source· water reservoirs. bv filtration. 
and. in some cases. by diiution WIth 
Colorado River water I Figure i). Further 
dilution. with local groundwater. occurs 
In distribution pIpelines and reservoirs. 
Observed removals in reservoIrs. 
shown in Table .t and Figure 8. agree 
well WIth the predicted experimental 
JOL'R:-'IAL A WW A 
"" 
J ... 
Fipre 4. Distribution by size of 
chrysotile fibers in natural waters 
CAW-CoIO'adO A, ....... alar 











0' '" '" '" .. .. .. . 
F1pre S. Distribution by size of par-
ticles in the 2-40-",m range (particle-
size instrument with multichannel 
capability was usedforanalysis; points 
are average counts of 8 samples from 
the Feather Riverand 15 samplesfrom 
Lake Perris) 
Fipre 7. Concentrations of asbestos fibers in source-water reservOIrs and 
filtration plants of The Metropolitan Water District of Southern Califorma (fiber 
concentrations given in ZO" fibers/ L) 
relationship (Eq 4). A coagulation effi-
ciency (0) of 0.001 characterizes these 
observations for the coagulation rate 
constants of Figure 6 and the particle-
SIZe distribution of Figure 5. One possible 
explanation for the deviation between 
observed and predicted removal is that 
the number of larger particles available 
to coagulate with fibers changes sea-
sonally owing to runoff and decreases 
with time owing to sedimentation. 
However. both the total number (10:/1.1 
and the size distributIon (log-normal) of 
2-1OO-",m particles in Lake Perris in-
fluent and effluent remain fairly con-
stant throughout the year (Figure 5). 
Variations of fiber concentrations and 
total 2-1OO-",m-particle concentrations 
with depth in Lake Silverwood were 
noted preVIOusly. ,. These limited obser-
vations do not provide a sufficient basis 
for suggesting a depth-dependent coagu-
lation model. Dissolution is another fac-
tor that may cause some reduction in 
fiber concentrations in reservoirs with 
M .... VI984 
detention times of several years. ~ea­
sured dissolution rates indicate that it 
takes 5-10 years to completely dissolve 
fibers suspended in water at pH 8.'" 
Therefore. size reduction of most fibers 
and dissolution of only the small fiber 
fragments are expected in the waters 
studied in this research. 
Fiber concentrations in waters enter-
ing and leaVing the reservoIrs' follow a 
log-normal distribution (Figure 9). Geo-
metric means are shown in Figure i and 
in Table 5 when sufficient data eXIst. In 
other cases. the median is used. For 
Lake Perris. the median and geometric 
mean differ by about i and 32 percent for 
effluent and influent. respectIvely. 
Tr,.tm,ntplllll. Fiber removal in water 
treatment plants. determined from the 
ratio of influent to effluent concentra-
tions. ranged from near Q to more than 
99.9 percent (Figure 1m. Three plants 
showed mean removals of apprOlumately 
99 percent; one had nearly 99.9 percent 
removal (Table 5). ~1odel predictions 
.' 
J 
", C. _~_-:,: ________ ", 
Pan'e'.O .......... _ ....... 
Fipre 6. Rate constants for coagula-
tion of chrysotile fibers (O.OS-",m 
diameter. 0.5-",m length) WIth larger 
spherical partIcles in water WIth low 
flUId shear and high densny ik, in 
cmJ/s; water temperature = 20"C. G = 
15- 1; Pp = 2.6 g/cmJ; calculated after 








Fipr, 8. Predicted and actual fiber 
removal in reservoirs (data points 
from Table 4) 
suggest that removals ~99,9 percent can 
only be achIeved as a result of SIgnificant 
coagulatIon of fibers wnh larger floc 
enher before or dUring filtratIOn. The 
lower removals may correspond to less 
effective coagulatIon. Over the two-year 
period of the study. the plants were 
operated for optimum turbidity removal. 
wnh an objective of 0.1 ntu for the 
finished water. LImned sampling prior 
to thIS period Indicated that better fiber 
removal was oiten. but not always. asso-
cIated wnh the optImIzed condItIons." 
Conclusions 
Weatllerinc. Input of chrysotile fibers 
by weatherIng results In concentratIons 
of from 10'u to 10" fibers. L in upstream 
rIvers and reservoirs I Table 6), Coagula-
tion in upstream reservoIrs should re-
duce that fiber concentration bv one to 
three orders of magnitude. depe~ding on 
detentIon time. Fiber levels observed In 
the Feather. American. and nearby rivers 
are from 30 to 100 times lower than 
R.C B .... LES ET .... L i1 
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TABLE 3 
Estimated and observed chrysotil. fiber concentrations for selected TIl'" basIns 
I
i 
Estimared Input I Estimated ! Co~~:~~:~on 
I by Wealherina 'Removal by ~ ESlimaied ~;lHrs L 
Location 
: ".,'ric i 'I iCoaaulation ,Concentration J" 















San Joaquin Valley 
Feather River 




CI." Engl. Lak. 
, At Orl.ans 
I Lake Plilsburv 
.-\t Guemyville 
Lake Shasta 
Black Butte R~ervOir I 
C:~ar Llke 
La ke Berryessa 
i 
I 
Lake Oro,'i1I. I 
~ew Bullards ReservOir I 
Se .. Camp Far I 
West ReservOir I 
i Folsom ReservOir I 


























O.il :7.1 0( 10 1u : 
0.90 !40 x 10'u: 
0,71 171 x 10'0 : 
I : 
0.57 i5 i J( 10 10 i 
0.20 120' IO'U! 
·Varlous samples raken near L'konom ranger station. April 19~2 
"Water treatment plant raw ""ater. April 198~ 
:Selo,," Lake Oro'l11., September 1982, ~t.y 198), and August 1983 
§Ar ;vtarvsvllie. September I~L 
... ~! H,gh .. ay ;0, Aprd !982 










I ' 10" 
I ' 10" 
1 0( 1O i I 
J 0( 10 1! 
.~ ( 10 III 
L" 10 i 1 
5 • 10--1 
9 ' la' 
I .: lOW 
7 J( IO~ 
3 l( \0 10 
2 -.: IO!!) 
1 -.: 10 10 
::~lokejumne Aqueduct. March 1~2: fiber removal ma~· occur between resenOir and sampling POint 
TABLE .t 
Fiber remul'alln dou.:n$lream suurrf·U'(J/t'r rpSt'Tl'U1TS 
Conce-ntrallon of Fibers· 
.-
3 0( 10" 2 0( lOl' --I >( 10'" 3: 
1 0( 10.'\ 
1 " 10~ 
I§ 
I"" 
2'( lOti 5· 10 :--6 ~ lO~ 
3 ' 10' 
Remo\ al of Fibers: 
Volume , Detention Time' 
/0" filHrs, L 
~umber of 
/Hr('rll/ 
Resen·olr /trt,J .v'Gr Influent Effluent Observallons+ Obser .... ed Predictedq 
Lake Pyramid-CastaIC"· o.t!3 30 ~~O "2.2 
'500-19001 II) 19--15, 
, Lake Sd\"erv.ood 00% a I 980 ;20 
.500-19001 1'210-17rJOI 
Lake Pern::, 015 \.3 720 26 
1210-17001 d:!-l:)O, 
Lake Skinner 0053 0.3 26 31" 
,32-1501 1::::15-30J 
-l'pper \aJut' 13 gl"Um~trlc :TIe.]n range-Is In parentheses 
"Influent. drluent ior Lake Perris and Lake Skinner. Influen[ and effluent were- samplt.'"d on ~ame da\ 
:Ba3ed on geumetrH.: mean uf Influent and effluent . 
~From Eq .t 
··Cunsldert"<i']::, a ~lngJe UnI[ bt>cau~ ~ater b penodlcally pumped from Ca::,talt: to P~ramld 
I ..... Calcujat~ \J.!ut'~ ..::orrt't:[t'd rurdl1ullon ,"",Ith Culorado RI .. ~r water 
predicted, This difference could be due 
to either lowenhan·predlcted Inputs or 
greater·than·predlcted coagulation, Sin· 
gle samples taken In these nvers, above 
the reservoirs, showed concentratIOns 
approXImately 100 times lower than 
predIcted, suggesting that weathenng 
estimates are too hIgh, The weathenng 
model rna)' thus provide only a relative 
estimate of concentratIOns In these nv· 
ers. InsuffiCIent data are avatiable to 
draw conclUSIOns about predictIOns in 
other areas, Some of thIS difference 
could be due to uncertalntv In the fiber 
counts, The precIsion of analysis tS 
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35-65 percent:'" accuracy is thought to 
be withIn an order of magnitude for the 
lower counts In natural waters, 
The predIction of Input of fibers by 
weathenng could be Improved by focus· 
Ing on the field monltonng of upstream 
nvers at a few representative locations, 
IntenSive sampling of this sort would 
allow the use of the relative model estl, 
mates to establish order·of,magnttude 
concentratIOns for other surface waters, 
These order·of·magnltude estimates 
would proVIde a level of certainty com· 
mens urate with a more extensive but 
less frequent field,monltonng program, 
16 ~" 999 
I. 27 2'2 
I. 15 % 9:- :-
Li I'; "" 7:! 
COllulation. 1m provemen ts In the 
coagulation portion of the model for 
upstream waters are poSSIble In three 
areas First. coagulation of all particle 
sIzes could be conSIdered, rather than 
assuming that larger particles are In 
steady state, Second, measurement of e> 
values for submlcron'slzed particles In 
well'charactenzed systems IS needed to 
reinforce the value obsen'ed here Ie> = 
0,001 •. Th,rd, field sampling and labora, 
torv analvses to determIne the Identttv, 
SIZe, and surface propertIes of suspended 
partIcles would Improve knowledge of 




Fiber r,moval i1l It'atl' tr.atm,"t pla1lts 
Concentration of Filxn-_106 Jilwn/L Removal of Fibers 





























·rp~r value IS geometrlc mean. or mechan where noted. of l..s or 15 abStrV3uons. range IS In 
pare1'\th~~. 
"''''etilan hes at or below thiS detection hmlt 
:~e(iJan at or abo""e thiS value. some effluent samples ,,"'ere below detection limit. 
TABLE 6 
Predicted alld obsen'edliber concentraliolls 
Sampling Location 
~{}rt h-coast r1\ ers 
,\;I)rr hl!'rn and western Sacramento Valley r!\"ers 
Eastern Sacramento VaileI,' nvers 
Eastern San JoaQUln \"alle~ fnt"r1\ 
Delta pumping planro; 
California Aqueduct 
\1etroooluan source ..... ater 
:\1t"tropoIHan ..... ater treatment plants 




















-The range of \alut>s reporti!'d reflt"CIs both \arlahliity bt{ ..... ~n dlffert>nt locations and (Ime"i 
and uncertainty In the prt"CISlon and accuraq ot ilber anal~'~~ 
~ . 
''; -
. ~~------------------------~ 21) :'0 .0 " .. 
Fipre 9, Distribution of observed 
fiber concentrations In Lake Perris 
research is earned out, it IS possible that 
chrvsotile could be used as an indicator 
of the behavior of other minerai particles. 
Fiber concentrations Increase approx-
imately fourfold as water passes through 
the California Aqueduct. However. most 
fibers are later removed by coagulation 
with larger particles and subsequent 
sedImentatIon In downstream source-
water reservOIrs. ReSidence times of 
about one year result In an almost 10-
fold reduction In fiber concentration: 
longer reSidence times. about three 
years, result in a lOOO·fold reduction. 
Treatment plant. Water treatment 
~AYI984 
,>00'--------------------------
~ ... '::~'.qe":J!l'e' •• !O .. 'llwr .. 
j:,.~,·o .. ,." !:If'" Qe-....... ,"g 
.. 
Flpr. 10. Distribution of observed 
fiber removal In water treatment 
plants 
plants that are deSigned for turbidity 
removal consistentlv achieved about 99 
percent tiber removal by a combination 
of coagulation and filtration, Higher 
removals, ~99.9 perent. were observed 
in only a few cases, which represent 
enhanced coagulation before or dUring 
filtration. The filtratIon model was used 
only to estimate the range of removals 
poSSIble. as it fails to capture the physi-
cal nucleation and coagulation processes 
that accompany deposition of particles 
onto sand grains. Howe\'er, it does i1lus-
rrate the importance of coagulation In 
removing submlcron-slzed asbestos fib-
ers during filtration. To design operating 
conditions for the r-emoval of submlcron-
sized chrysottie fibers during filtration, 
three levels of investigation are need-
ed-laboratory·scale. pilot-scale, and 
full-scale. Questions such as the effi-
ciency and means of fiber capture In 
coagulant floc and the deposition of 
fibers on filter media for various chemi-
cal and phYSical conditions could be ad-
dressed by a program of research inte· 
grated with field-testing and monnormg. 
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